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ABSTRACT

A field survey of engine and pump manufacturers ing: ated that there is
a potential problem whenever jet fuels are the only source of lubrication in pumps
or controls., Problems encountered included wear, scuffing, sticking, seizure, and

fatigue pitting. A literature survey confirmed that the prch‘'em existed but failed
to pinpoint the causes.

The friction and wear performance of ten commercial fuels, chosen to
represcnt a broad range of physical and chemical properties, differed markedly.
These fuels were inspected for viscosity, volatility, hydrocarbon type, and trace
constituents. The strongest factor affecting lubricity appeared to be the nature

of trace polar components in the fuel. The exact components responsible have not
yet been dot ..mined.

The occurrence of sticking in the fuel control valve of operational jet
engines led to the examination of a number of commercial JP-4's from different
sources. There was a good correlation between field performance of the fuels and
their performance in the laboratory tests. It was found that as little as 15 ppm
of corrosion inhibitors significantly {mproved the lubricity in laboratory tests

of those fuels that lacked lubricating propertiee of their own. Other lubricity
additives were even more effective.
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SECTION 1.
ANTRODUCT 10N

The goal of this vcrk is to delineate the fuel variables that may affect
friction, vear, sad seizure of pumps and other equipment using jet fuel as the
only fluid.

Pield and iitersture surveys have shown that low viscosity, highly re-
fined fusls have had lubricstion problems, especially at higher temperatures.
These surveys are reported in Section III. The csuse of these problems has oot
been pinpointed, almost every variable having been claimed to he an initial fac-
tor: viscosity, volatility, dissolved oxygen, dissclved water, sulfur compounds,
nitrogen compounds, acid ccapounds, aromatics, and olefins. Datas are being ob-
tained on all of these variables ‘n this work.

Test devices used in this work sre: (1) a ball-on-cylinder device,
(2) four-ball wear and EP testers, (3) a V. kers vane purp, (4) a Falex tester,
sad (5) a Ryder gear machine. These devices are described and compaied in
Section IV.

Ten commercial fuels, covering & wice range of fuel types, vere obtained,
chemically analyzed, and tested in the devices listed above, in order to relste
composition to wear, scuff, snd friction performance. These results sre given in
Section V-A.

The effects st low concentration of a number of fuel corrosion inhibi-
tors, EP sdditives, extracted polar fuel componeants, #nd various species cf nitrogen
and sulfur-contsining compounds on the behavior of selected base stocks in the
vear and scuff tests were investigated in order to determine what types of coe-
~ound decrease vear and scuffing. These results, given in Section V-B and V-C
vill be used as the basis for ‘irther experiments simed at elucidating the merha-
nisa by vhich some compounds enhance boundary lubrication,

Included in Section V-B is a description of an investigstion of the ef-
fects of temperature change on vesr in the four-bali wachine, 2imed at separating
the effect of viscosity change from other effects of tempersture change.

After the start of the program, & lubricity-relsted stickiog problems
srose ia the field with JP-4 in » particular jet-engine fuel-coatrol vaive, so a
number of JP-4& samples vere obtained and tested. The effect of JP-3 correosioe
ishibitors on the lubricity ~f these fuels was investigated, since the diecon-
tinued use of these sdditives appeared to have triggered the contrel velve prob-
lem. This work is described in Section V-D.

A susmery of the work to dste, vwith cooclusions and an outline of future
work, sre given I(o Sections VI end VII1, respectively.
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DEF INIT JORS

The term.aology used in friction and wear phenomena is often confusing.
For this contracr, the following definitions will be .sed:

Hydrodynamic Lubcication - lubricatioun when the surfaces never touch but zre always
separated by a fluid film. The avility of a fluid to maintain & full film is o
function only of its viscosity. (This may not be true for viscoelastic iiquids,
but will certainly hold for the fuels being studied here.)

Boundary Lubrication - lubrication when the surfaces sometimes or 2lways touch
each other. This includes both the "mixed-fiim'" regime, where sowe hydrodynamic
iubrication still exists, and the "complete boundary lubricetion™ regime, where
viscosity effects are negligible.

Viscosity - will always be in terms of absolute viscosity (centivoises) and not
kinematic viscosity (centiscokes). This distinction is important enly when desling
wich liquids of widely different densicies. It should not be particularly impor-
tact in this work because most of the hydrocarbons of interest ar. of the same
density range.

Lubricity - the non-viscosity part of lubrication. Lubricity is a much abused
term. In its narrow dic-ionary sense it means '"a property that lessens friction.’
For this cuntract, however, the defini.ion will be brosdened to include friction,
wear or scuffing. If two liquids have the same viscosity but one gives lower wear,
or lower fricticn, or a low:. tendency to scnfyi, it wiil be considered to hzve bet-
ter lubricity. In general, the word will be used sparingly, and usually oriy to
denote better performance that cannot be ascribed to viscosity. For example:

“Fuel A gave lower wear, bul it was not clear whether this was a result of its
higher viscosiZy or its better lubricity.” The lubricity of 8 liquid will depend
alsc on the metallurgy and topograpby of the surface. Twe liquids may have dif-
ferent lubricisy .o steel, bui the same lubricity on gold.

Kubbing Wear - wear that occurs under nen-scuffing conditions. T.is 15 the kind f
wear that requires pencils and xnives to be resharpened, **.. wears cut shoes and
courthouse s.eps, and is the kind usually cbserved in 2 four-dall vear test under
light-icad conditions, This | somet:mes called "sorasive wear’ but this assumes

z mechaniss (hat s net univ_osal’s sorepred. Other names have teern “simple” wear,
“norws.’ wear, and nen~scuffing weor.

Scuffing - a severe regime of lubrication meraed by higher wesr #and friction. This
regime is ent:itrely differen: -os the "rubbiag-wear” or "iow-1oa¢’ regime. Trans:-
tion from one reglme to the other :s5 sudden and sometimes catastrophic. In the
four-“sll appars us, s slight increase in load or speed can caure the wear scar °
inivease reveral-fold sudderniv with a corresponding iocrease in friction. 1In the
Falex, Almedn, Tiwker. and SAL n :hines, scu.iing results in <-izure and faslure o
the pares. These tests messure the scuffing-load; that 15, the lorc o+ which lu-
bricacinn changes from "rubbing-ves1” <o scuffing. 1o gears, scuffing mey ocour
vithout tatastrophic iailure because the gear ‘eeth leave the rone ! comtact be-
fore externsive damage can be done.
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it Zs lmportant to differeatiste betwlen scuffing wear and rubbing

i wedr-  In wany applicatiuus the important property is tc prevent scuffing at all

l costa, A lubricant that gives very low wedr under rubbing-wear conditions may not
ve at »'l1 efiectire in preventing the onset of rcuffing. 1In other &pplications, a
good B.F. lubricant (prevents scuffing) mey not be at all setisfa.tory beccuse it
gives high wear in the low-load regime.

Aurasi; Wasr - wesr cavsed by hard particles sus;.nded in the fluid, or embedded
in one of the wearing surfecas.
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SECTION II1
PIELD AND LITERATURE SURVEYS

1. FIELD SURVEY OF PUMP MANUFACTURERS

In order to take advantage of the existing knowledge, 2 number of pump
manufacturers and engine builders were visited. A summary of the information
gained is given in the following paragraphs. As a general conclusion, it can be
stated that relatively little is known about the effect of fuel varisbles on pump

failures except in the most general terms.

a. General

In tcday's jet engines the main fuel pumps are generally gear pumps
operating at 800-1100 psi. These are satisfactory for the most part but are have
ing some prcblems at higher fuel temperatures. These high temperatures are & re-
sult of supersonic operation and a high recycle ratio at high altitude cruise.

In sdvanced jet engines, the fuel is also being used as the hydraulic
fluid to the nozzle control surfaces. Ordinary hydraulic oils do not have the
thermal stability to survive in a closed loop system at the high temperatures in-
volved. However, it is possible to use fuel in an open loop system that feeds to
the main fuel supply to the burners.

The pump operating the fuel hydraulic system is a piston pump which must
operate at 5100 rpm and 3000 psi with a fuel inlet temperature of 300 F. Fuel
temperatures of over 500F result.

b. Pump Description and Problems

(1) Piston Pumps -

The advantages of the piston pump are higher pressures and better efficien~
cies than either a vane pump or gear pump. It also can be designed to give variable
delivery rates. Disadvantages are complexity and high cost, The sketch on page 5 chows
the configuration of a piston pump. It consists of a number of pistons (nine is &
typical number) arranged axially around a center of rotation. The pistons move in
cylinders cas: integrally in a single block that rotates with the pistons. The
pistons are attached by comnecting rods to a drive plate and the msin drive shaft,
with swivel joints (generally ball-and-gocket) at both piston end and drive plate
end. The drive plate is set at an angle to the cylinder block and this angle causes
the movement of the piston in the cylinder dore. The greater this angle the higher

the pumping delivevy rate.

As the pistou-cylinder rotates upward, the piston is pulled out, drawing
in fuel; as it rotates downward it pumps out fuel. Ports in the valve plates

direct the ilow from inlet to outlet.
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The piston pump cén be made as a variable displacement pump by aligning
the drive shaft and the piston axis, and using a drive plate theat can be tilted at
any desired angle. 1In this configuration the connecting rod is attached through a
swivel joint to & shoe which rides against the drive plate.

There are several poteutial wesr areas in the piston pump:
e Piston and cylinde~ bore.

Scoring and seizure ~f the piston in the cylinder has been observed
This resuits in a complete destruction of the pump, with ball and sockets torn
loose and connecting rods bent and broken. The clearance between the pisteon and
cylinder are necessarily small, so eny lubrication failure can cause sticking,
cocking of the piston, and seizure. In pumps where failure has not yet occurred,
there are smpetimes a number of transverse score marks indicating partial sticking
and cocking. Wear of the cylinder bore is generally greatest at the center of the
stroke where velocities are highest,

e Connecting rod--drive end.

The swivel joint herz undergoes an angular movement equal to the
angle of displacement--as much as 30°. Consequently, there is wear in this joint
which shows up as end play, a looseness of the entire assembly. Although the ball
is of a harder metal than the socket, one manufacturer reported the wear to be
mostly on the ball., They attributed this to abrasive particles embedded in the
socket that acted as a cutting tool. 1In the ultimate case, the ball can pull
loose from the socket, resulting in pump destructiom,

9 Connecting rod--ﬁiston end,

This swivel joint undergoes very little motion and as a result can
gseize. The piston then tends to rock in the cylinder and can cause further trou-

ble there.
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¢ Comnecting-rod shoe,

In the varisble displacement version the shoe rubbing against the
drive plate can wear sxcese‘vely. This appears to be rubbing wear, with no evi-
dence of scoring or seiture.

e Universal link.

Agein in the variable digplacement version, there is a universal
link between the drive shaft and the drive plate. This is subject to wear and,
if operated at zero sangle for some time, to sticking.

e Ball bearing.

The ball bearing supporting the drive shaft is subject to fatigue
pitting.

Wear and seizure are aggravated by higher temperatures, However, mini-
mum clearances in the piston pump are obtained at low temperature.

(2) Vane Pump

The advantsges of the vane pump over the piston pump is its ability to
handle fuel containing abrasive solid particles such as rust. Its main advantage
over the gear pump is its relative insensitivity to outlet pressure.

The vane pump consists of a rotor located eccentrically in & ring. The
rotur has a2 number of radial slots fitted with vanes that are free co move radially
in the slots. The vanes press outward against the ring trapping oil between them.
Ports lo-ated in the side bushing control the inlet and outlet flow.

The most common type of vane pump is the double lobe type (See Figure 4).
In this type the loads are balanced so there is no net i.oad on the bearing.

The vanes are forced agsinst the ring by a combinatiou of centrifugal
force and hydraulis pressure. In some designs, the outlet pressure igs bled to the
back of the vanes., This creates a sizable unbalanced pressure at the inlet side
and can cause wear, For high pressure -umps, this pressure unbalance must be con-
trolled. One design provides & passage between the outer space near the vane and
the back of the vane. This balances the pressure between the two ends of the vane.
In another dezign, the face of the vane is made concave and a hole through the
length of the vane connects the face and the back to balance the pressure.

Problems with the vane pump seem to be mostly concerned with wear of the
ring and the vanes again-': the ring, although there is occasicnal scoring of the
port plate.

(3) Gesr Pumps

Gear pumps have the advantage of simplicity and low cost. They are
usually chosen for the main fuel nump on jet engines, delivering relatively large
quantities of fuel at pressures of 800-1100 psi.

A gear pump consists of two intermeshing gears enclosed in a housing.
Fuel enters at one side, is trapped between the teeth and the housing, and exits
at the other side. An increase in outlet pressure causes an ‘acreased load on the
gear teeth and also on the shaft bearings.
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Pailure in gear pumps cean occur et either of these places. Lack of
suiteble lubrice:‘on can rasult in bearing seizure (sudden failure) or bearing
woar, vhich aillows the gears to move relativc to the housing and thus cut into the
softer metal of the housing. Scuffing of the gear teeth is also relatively com~
mon. The gears are case-hardened, so that as iittle as 0.003" wear will break
through the case and then cause rapid vear. Tooth scuffing usually shows up first
as a loss of volumetric efficiency at cravking speeds.

There is very little evidence of fatigue failure on gear teeth but some
erosion has been noted on the non-drive side of the gears.

Wear of the side plate can also occur. 1f the plate e bronze, a so-
called "gold-dust' failure takes place.

c. Pump Modifications for Fuel Use

It was generally agreed that wear problems increase when pumping lighter
liquids. Thus, jet fuels are more troublesome than hydraulic oils, and gasoline
is more iroublesome than jet fuel. 1In pumping fuels the pump menufacturer has a
more stringent requirement to meet than with oils. Several methods have been
used to alleviate the problems.

o Harder metals.

In all pump designs wear and seizure are reduced bv using hard
metals. Tool steel against tungsten carbide is used in both piston pumps and vane
pump: for high pressure cutput, These metals are costly and hard to fabricate,
but are generally considered essential for satisfactory operation.

o Dissimilar metals.

One pump manufacturer, particularly, felt that wear and seizure
vere reduced by ensuring that the two rubbing ~urfaces were of dissimilar com-
position. This was cousidered secondary to hardness, however.

® Surface finish,

There was general agreement taat very careful attention was neces-
sary in the fabrication of parts. One manufacturer had carried out a computer
solution for the hydrodynamic film thickness on the gear teeth when using jet fuel.
This turned cut to be 5 microinches indicating the necessity of a superfinish of
1 microinch roughness if a hydrodynamic film is to be maintained.

¢ Break-in.

Satisfactory performance was often highly dependent on a suitable
break~in. The break-in procedure also depended on the eventusal ligquid to be
pumped; for example, & break-in on JP-4 vas satisfactory for continued use on JP-4,
but was not satisfactory for further use on Avgas. For Avgas use, & slow break-in
on Avgas vas required.

One msnufacturer said that with their gear pumps ft was customary to lap
in the housing with the gears, letting the pump do its own surface finishing.




o Surface plating.

For high speed operation, a thin layer of silver or gold can be
plated on the rubbing parts. These are soft and preveat seigure., Lead or iead-
indium flashing is also used. There was very little experience with solid lubri-
cants such as molybdenum disulfide and those who had tried it were 7ot enthusiasdec.

d. Experience with Different Fuels

There is very little information available on the effect of fuel vari-
ables on pump wear and seizure. A summary of some of the prrblems that have been
encountered in the field is given below.

A fuel pump wear problem was encountered many years ago with the Lucas
piston pump on the Nene engine. It was found that the prcblem could be solved by
making some mechanical changes and also by using 3% of Grade 1100 aviation oil in
the fuel.

In a current engine test development program, fuel operating tempera-
tures of S00F are encountered. This is above the thermal stability of regular
jet fuels so a special high-stability fuel is used. This fuel has a2 lower vapor
pressure, is more highly refined, and has a lower sulfur content than regular
fuel. At low temperatures (120F) this fuel gave sati{-factory operation in the
pump (8 Vickers piston pump), but when operated at 500F, a failure resulted
within 50 hours. Using 3% aviation oil was not a sstisfactory solution because
the fuel would then no longer pass the thermal stability requirements.

Using the Ryder gear test as a screening tool, it was found that asry
EP -nd antivear additives would give satisfactory wear performance but only three
or four of these could pass the thermal stebility requirements, Of these &addi-
tives only one has been used in the large pump in the engine. This is used at
concentration of 320 ppm as a 50% solution in toluene. Understandably, the engine
manufacturer concerned does not want to do additive testing in the full-scale en-
gine stand, so that the data on the full-scale pump is limited. High-stabtility
fuel {s satisfactory at low temperatures, is unsatisfactory at high temperatures
when run without additive, but is satisfactory at high temperatures with a suit-
able additive. There is no information whether ordinary jet fuzl would be saris-
.actorv st high temperatures because it hes not been run under these conditions
due to thermal stsbility limitations.

In order to screen fuels and additives, a small piston pump test has
Seen developed by one engine nanufacturer. This test utilizes a Vickers PF-24~
3906-25 pump, which i3 not only much smaller but also differs in mecallurgy from
the full-scale pump: steel pistons in & bronze barrel insread of tool steel pis-
tons in & tungsten carbide barrel. Fuel is pumped frcw an B8-gallon reservoir at
300F at 19.5¢/min through a recycle system for 24 hours. Wear is usually ob-
served as end play of the piston assembly. If the test is completed without fail-
ure, the pump parts are scrubbed with MEK and are used for the next test. This
test has given good ci.relstion with the larger piston pump: high-stability fuel
passes at 120F inlet but fails at 300F. Failures vere cbtained at nine hours
and eleven hours in tvo tests. Additives give sstisfactory performsnce at 30CF,
An aviation kerosene was satisfactory at 225F.

This same engine manufacturer has had a similar high temperature puwp
failure problem with a gear pump tesi. Pumping a naphths of 306F P3P (0.03% S,
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12.4% aromstic, 2.7% olefin), an immsdiate failure was obtained. With s emeall
emouat of lubricity additive sufficient to give a Ryder load of 700#/inch, the pump
failed at 300 bours. With enocugh additire to give a 1100-1200# Ryder, no failure
was observed im 380 hours. The fusl in cthis test was changed every 100 hours.

Duxing this reporting psriod information vas received from one of the
jot engine menufscturers that mslfunctioning of a fuel-control valve was occurring
in the field. This trouble seemed to have started at about the time that certain
changas had boen mede in the jst fuel at the critical location, one of the changes
being that the corrosion iahibitor had been omitted. A study of this problem was
ssde under this contract snd the results are given later in this repozt.

- 10 -




SRR o ~SY - - .- o e it L e e e e

2. LITERATIRE SUR

As a part of this contract, a search has been mede of the literature
pertaining to the lubricity of jet fuels. This search has covered three cate-
gories as follows:

e Wear of fet-fuel pump. |
o Lubricity of pure hydrocu-borns and nun-additiva fuels,
e [Effect of trace constituents and additives {n jet fuels,

In meking this search, the following sources were checked:

e Library abstract card file on Jat Fuels, Lubricants, Lubrication and
Pumps to 1963 and API Abstracts 1963 to date.
Engineering Index, "
U.S. Research and Development reports,
Technical Abstracts Bulletin.

Search by Defense Documentation Center.
Chemical Abstracts.

[ B-2 BN I J

a. Wear of Jet-Fuel Pumps 3 N

Very little information on the wear performance of jet fuels in service
was covered {n the literature.

Five series of simulated flights of 3500 niles at Mach 2-1/2 and 3 to
investigate the performence of three current quality jet fuels {ASTM Jet A) are
reported by CRC(1). Each series represented 35 to 100 cycles (flights). Bearing
failure of the fuselage booster pump was experienced in each serfes except the
fourth and, in this < [es, the pump was replaced at the start because of isminent
bearing failure, and again after 106 hours for loss of volumetric ~fficiency.

Errs . {ic wear ol fuel pumps was found in four Canadan airline operators
of jet aircraft (2). 1t was the author's conclusion that kerosene gives better
vear protection ths~ JP-4 and will tolerate more contasination,

b, Lubricity of Hydrocarbons & Non-Additive Fuels

The effect ¢! chemical structure hsas been studied by seversl fnvestiga-
tors. Sakurai (3) studied benzene, decalin, heptane, cetane and squalene; Tamai{(4)
studied benzene, cetane, decalin il dicyclohexylmethane. Both concluded there was
little friction-reducing effect of any of the hydrocarbons, psrticularly when
compared to more polar compounds such as esters. Nagata, et sl. (5), studying
alkyl benzenes, reported s minimum friction and sinimum wear vheo ths side chain
had 12-14 carboen atoms. Usually, hovever, higher molecular wveight gave lower

‘ friction & waar.

Tein & Krevr (6), using highly purified compounds, showed that chemical
struct.ve was mord important than viscosity, Aromstic compounds gave lower fric-
tion and vear than alipnatics, with unsaturates intermediate, Howevrr, all {n-
‘ ‘ vastigators agree that smsll amounts of {mpurfties can mask general structure
o effects.

The effect of viscosity ou lubricetion is well-known. However, there
) is some debate sbout the importance of viscosity i{n lov-viscosity systems or
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uwsder haavy icads. Turey eud Appeldoorn (7) reported that metallic contact and

frictioca in » sliding system decreased smoothly as the viscosity wis raised from

2 to 1000 cos. A smell sffect for pressure viscosity vas elso shown. The effect

for viscostty was less in the low-viscosity renge of jet fuels. Klaus et sl. in s

sariss of reports (8, 9), concluded that viscosity is important im gears and hy-

draulic pumps, where there {s & considerable hydrodynsmic component in the opera-

tion. 7They also chowed & beneficial effect for viscosity in the four-ball mschine,
o hDut concluded that {t was a difference in volatility rather than viscosity that

o | | sccounted for the effect. This conclusion has been challenged by Fein (10) and by

o Lounds (11).

g | Tempersture generally increases the severity of operation, but doe: not
alvayn incresse wesr snd friction. Typical behavior is that reported by Hopkins

H and 8t. John (12): raieing the temperature in & four-ball test csuses a sudden

i increase in torque -- obviously the transition from rubbing wear to scuffing, The

: effect has been amply confirmed by others (e.g., 9, 13, 14).

« ., N The csuse of the temperature effect i{s more controversial. 1In early re-
3 ports, Klaus et al. (9) sttributed this to a decrease in viscosity, and concluded
thet tests on & low-viscosity fluid st room temperature would be equivalent to
tests on a high viscosity fluid at higher temperatures, provided the viscosities
vere matched. Later, they belicved that volatility differences at elevated tem-
perstures were wore important. Softening of the metal surfaces has also been sug-
gested as & possibility, but this has not yet been established as a mejor factor.

; , On the other hand, temperature can also cause an incresse in oxidation,
with the forsation of polar compounds of good lubricity (9).

E 2 c. ffect of Additives and Trace Cowmponents

—

; The importance of trece smounts of polar compounds is weli-known. Ex-

J cessive refining can remove these compounds (as, for example, in medicinal white
oils) to give a liquid that i{s no longer a lubricant. Little has been done in
identifying these polar impurities, however.

Seversl investigators have examined the effect of dissclved oxygen.

Feng and Chalk (15) reported that rvw.ving dissolved oxygen decreased the wear
rate with SAE 1015 steel, bur greatly increased the wear rete with czst {ron.
Klaus snd Bieber (8) concluded that oxygen i{n concentraticas up to 0.2 ppm was a

. good sntivear agent for steel-on-steel, but their data make this appear to be more
of a temperature effect. At higher concentrations of Jdissolved oxygen, there wvas
s decided pro-wear effect. No effect for dissolved oxygen was fourd it the lubri-
cant was an ester, polyphenyl ether, or chlorinated biphenyl. Rounds (i1) has
questioned the vslidity of Klaus' conclusion.

Fein 2nd Kreuz (6) reported that for squalene, dissoived oxygen in-
craased wear but prevented sefzure. For cyclohexsne, no effect was noted: for
benzene, oxygen reduced vear but did not prevent seiture. Some change in the wear
product froe Fe0 to Fez03 and Feil; was found as oxygen irncressed. The signifi-
cance of oxygen has been questioned by Owens et ai. (16). .

Kichkin et al. (13) evalusted several additives in & wide-cut jet fuel
of Russisn origin. Metal deactivetor had littic effect, but & cosbination of sn-
tioxidsnts (substituted phencl and phenylenedismine) at C.1I councentration im
proved the ioad-carryfiag sbility. However, these latter msy seriously affect




thermal stability, based on th« adverse effect found for sulfur compounds in
general (17).

In a series of reports (18), Conboy examined the fessibility of lubri-
cating jet-engine roller-besrings with jet fuel containing variovs additives at 11
concentration. In s test rig at 650-700F, the best additives were found to be
phosphates and phosphites, of which tri-p-tolyl phosphorothionate (n-¢::>03 P=3
vas preferred. This edditive vas evalusted in & 100-hour test at 500y in a J-65
engine, lubricating the cecter snd rear mein bearings. Wear and corrosion were low
tut carbon deposit wvas heavy in the cage pockets.

Ku and Lawler (19) evalusted the use of various EP additives in a S525F
end-point kerosene as lubricants in the Ryder gesr test and WADC high-temperature
bearing test. The Ryder teats were at 165F so that the fuel was in the liquid
phase, but in the WADC test, the bearings were at 600F and vere lubricated by a
jet of fuel which partially vaporized. In both tests, additive combinations wvere
found that gave better load-carrying capacity than a MIL-L-6068A lubricant. Zinc
dialkyldithiophosphate and some proprietary ashless additives vere the most
effective.

d. Summary

Very little information is available in the literature sbout the vear
characteristics of fuels in actual operation of jet engines. The low viscosity,
high volatility and relative purity of these fuels have been singi.? out as mejor
causes for poor lubrication, with temperature aggravating the conditfou. Additives
look promising as & way to attain better load-carrying ability, but some wmay lead
to heavier deposits and so be unsatisfactory.
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1. DESCRIPTION OV TEST INSTROMDNTS

From the field survey it appesars that the vear and seizure problems en-
countered are identical with all pump types. The msintenance of the desired hy-
drodyssmic film is not possible because of the high loads and low viscosit'es
involved. MNigher spesds generate more heat, causing the viscosity to drop further,
which in turn brings omn incressed rubbing sul more heat generation, The use of
harder metals helps by reducing the area of elastic contact, thereby reducing the
; fri-tional heat., Similarly, antifriction compounds in the fuel, either naturally
occurring or intentionally sdded, reduce friction and prevent wear and scuffing.

’ The ability of any particular pump to resist wear and scuffing depends on msny fac-
tors, smong which sre unit load, rubbing speed, configuration of rubbing surfsces
{(esse of forming n hydrodynamic wedge), heat removal, viscosity and inherent coef-
ficient of frict{ion. 7Yt does not appesr possihle nor even desirable to try to
o duplicate all of thes¢ ~onditions {n the laboratory. Rather {t will be the objec-
~ tive of thias program to discover the fundanental differences among fuels that

; govarn their lubricating behavior, to apply this knowledge to the performance of

lsboratory pumps and gear tects, and to extend this information to predict behavior
f{n full-scale field equipment.

in this program [ive test devices were used for lubricacion testing.

They vere (1) The ball-on-cylinoer device to determine friction and wesr iu the
“mixed-filmn" regine between hydrodynsaic and complete boundary lubricatiom, (2) a
standsrd four-ball spparatus to measure wear in the more heavily losded region and
2isc to determine the "scuffing-load”, (3) a Vickeirs vane pump to medsure vear and
i loss of volumetric efficiency {n an s.tual pump, (4) a2 Falex tester o messure EP
i ' performance, and (5) the Ryder gear test to weacure tooth scuffing. These test
devices are described below.

T

a. Ball-co-Cylinde: Device

(1.) Cenersl Description

This apparatus measures metallic contsct and friction snd has been pre-
viously described.(20) The spparatus {s shown in Figure 1. The system, consisting
basicallyof a fixed metal ball losded against a rotating cylinder, { ooe of pure
sliding

The extent of metallic contact is determined by measuring both the instan- P
tanecus and sverage electrical revistance between the two surfaces. In gepera’. t
the electrical resistance fluctustes very rapidly from a very high value to a vex,
lov value, suggesting that metalli- contact is discontiouous. The average reccrded
resistance, therefore, (s a time average and s consequently relatcd te the percent
of the time that metallic contact occurs--hereafter referred to as “prrcent metallic
contaci."”
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Tre frict.on between the ball and cylivider is measured by meane of a small differen-
-ial transformer end i5 tecorded continucusly. The differenc's in frictional he-
havior batween fuels is often not 8o much in the average l¢ *el 1is in the relative
smcothress of the trace. A poor fuel gives a jagged trace, Indilcatin; stick-slip,
waich is egsy to <ee, but hard to express as & nurder.

Wear of the ball or cylirnder can be determined by making dire.: measuru-
ments under & microscope. The wear scar on the ball 18 not circular but elliiptical,
with the major axis perpendicular to the direction of travel. Thiz ccmes about be-
cause of the wear of the cylinder, which {8 somewhat softer than the ball. The w=ar
scar zepc “ed is the average of the major and minor axis.

With this appavatus, the entire region from nydrodynamic (no metallic con-
tact) to pure "boundary" lubrication (continuous metallic nontact) can bz readily
investigated. There ie gener2lly a close correlation between friction, wear, and
percent metallic contact. HKHowever, percent metallic contact leses its siguificance
at higher loadr where the contact is 1007 for all fuels. Aalso, where stick-slip is
observed (very ervatic friztion) the ball literally chatters on tlie track, giving a
misleadingly low valve of metallic contact. TFor this study, the metallic contact
measurements are of .uportance mostly in deteccing the formation of a norn~conducting
layer on the rubbing surfaces. This layer comes from the reaction between the mez::
surface and a fuel additive, and generally results in lower friction.

For non~addicive fuels, the wear scar is a good meaci.re of the degrwe of
‘iriction. Wear scar diameter (WSD) is therefcre quoted excvensively. For fuels
containing additives or large amounts of sulfuv or nitrogen compounds, the wear
scar may not reflect the degree of friction. These cases ars always notated in this

report.

(2) Test Spe-imens

The test balls ur:d in this study are standard half-inch Grade 1 balls
made of AISI 52100 steel and having a surface voughness of about 2 micro-incaes CLA
(Center Line Average). The cylinders (1.75 in. diaweter) are alsoc made of AISI 52:i0V
steel and have a surface roughness of about 10-12 micro~inches CLA. 'The nardness c&
the balls is 65 Rockwell C; of the cylinder 52 Rockwell C.

{3) Test Procedure and Conditions

In these tests, the metallic contact and frictional beaavior of a given
lubricant at a given load aad speed :are recorded with time. The tests were generally
run for 22 minutes at room temperature (77F), and at 240 vpm {56 cm/sec sliding
speed). lLoads were varied from 15 to 1000 g, corresponding to mean Hertz pressures
of 21,80C to 82,000 psi. 1In each test, a new ha2li and fresh track were used. Tl..:re
is some variation in the test results {rom cylinder to cylindar, probably because of
minor differences in out-of-roundness. This scuvce of errcr was minimized by making
comparative runs on the same cylinder (19 or 12 separace tracks) thus allowing a di-
rect relative rating.

b. Four-Ball Wear and EP Tesrers

One nf the most co—mon instruments used in lubricity studies is the four-
ball wrar tester. Basical®,, the machine consists »f a spherical metal ball held in
a rotating chuck, in contact with the faces of three stationmary meta) balls. This
simple pyramidal geometry allows an accurate evaluation of wear caused by the siid-
ing bodies Lu contact. The frictionai pull can also be computed via a simple spring
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o dauge. At the conclusion of the test, the three cell halls are studied microscopi~

cclly to determine the size of the wear scar produced. Such scars rre generally
circular or alightly elliptical in form, with relatively uniform veriical striations

e present in the worn area. The parameters that appear to be significant in datermin-
ing wear svar diameter (WSD) aie load, speed and time.

The instruments used in thia investigation are the Normal Four-Ball Wear

e Tester fScienc¢ific Precision Cempany, Chicago, Illincts, Catalog #73603) and the
Zhell Extrene Pressure Four-Ball Tester (Catalag #2008). The normal wear tester
can be operated under a nuwbar of test conditions. The applied loads cam be varied

Y for 0.1 to 50 kg, the temperature can be controlled from ambient to 250C &nd three

% S machin-. speeds are available; 600, 1200 and 1800 rpm. A modification is being made

Y to allow ti.e use of luads up to 100 kg.

The Shell Extreme-Pressure Four-Ball Tester is limited to one speed,
1800 rpm, has no . mperature contcrol and =2n be operated at loads up to 820 kg. The
operation of the LY testcr is similar to that described for the normal wear tester.
However, it 1s custo.cvy “0 utz the BEP tester for a series of 10-secord or l-ainute
tests at increasing loads. Ar some load--called the "scuffing-load" or "seizure-
load"--ths size of the wear scar :uddenly jumps from around 0.3-0.4 mm to 1.5-2.5 mm.
This is accompanied by a cerresponding increase in friction and noise. Further in-
creases in load will evenrually cause the four balls to weld together. The 'weld-
point" has not been determined in che investigation,

¢. Vickers Vane Pump Test

(1) General Description

A schematic diagram an¢ a photograph of tie Vickers Vane Pump system are
shown in Figures 2 and 3. The pump is a positive displacement vane pump. Vickers
V-104-Y-10 type, with a rated capacity of 1.8 gpm at € psi and 1.1 pym at 1,000 psi.
It is driven by ~ 2 hp motor at 1155 rpm. The fluid circulates through a pressure !
relief valve, sequence valve, rotameter, cooler and suup of ten~gallon capacity.

The temperature of the fluid in the sump is thermost:ticaily controlled by an elec-
tronic relay. The flow systeca is connected with 3/8& Inch stainless steel tubing.

A calibration bv-ette is installed in parallel with thic rotameter. The fluid can be
bypassad into the burette for precise measurements of the flow rate. 1

The pumping cartridge, as shown in Figure %4, is replaceable. It consists
of 12 vanes (15 wm x 12 mm x 2 mm) placed freely in the slots of a rotor and con-
fined by a ring. The vanes are forced outward by both centrifuged force and the out-
let pressure of the fluid which is fed behind the vane. Both sides are covered with
4 tronze bushing. Major wesr takes place due to the sliding actio: between vanes
and the ring. Minor wear occurs on the surface of tne bushings.

A secondary device is attached to the pump system. It consists of a pair
of hydraulic cylinders. one of which is deiven by pump preisute through an arrange-
ment of a solenoid valve and limit switches. Its reciprocating motion drives the
piston «f the second cylinder in which the test fluid is charged under N,-pressure
at one eu” and discharged at the other end. Wear, leakage rate past the piston rings
and surface finigsh of piston assembly are measur:z2. 7Tc Jdate, this secondary device
has noi ygt been used for this project.

Each test was made at 2 specified pump discbarge pressure and specified
sumo temperature. Because of the low viscosity of jei fuels relative to the rsual
hydraulic oils, the highest pressure possible was oaly 350 psig. Test duration was
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: FIGURE &

COMPONENTS OF PUMPING CARTUIDGE OF VICKERS JANE P™MP
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24 hours, and a new pumping cartridge was used for each ruu. all the components
were weighed and their surface roughness measured b a Talysurf Profilimeter.

G. Falex Wear Tester

This apparatus, commonly used as an EP wear trster, consists of a 1/4-inch
diameter pin (SAE 3135 steel) rotating at a constant speed between two V-shape blocks
(AISI 1137 steel). This assembly is immersed in the t:st fuel during a test. The
load is applied by pressing the V-blocks agairst the pin and is messured on 3 gauge
calibrated to read total pounds on the faces .. V-blocks. The friction between the
contact surfaces is measured by a strain gaupe.

s s 4t oo

In these tests, a starting load ¢ 100 !bs {s beld for two minutes. The
load is then {ncreased in 50 lb increments and he'd for one minute after increment
unti{l failure occurs. The criteria for faf{lures is that the load cannot be main-
tained at a constant level without an _brupt inc.ease of friction torque being ob-
served. This is recorded as scuffing loac.

e. Ryder Gear Test

(1) General Description %

The Ryder Gear Test is 2 standa:d method (Federal Test Method 791a) to {
measure the load-carrying ability of lubricating oils. The test gears are special |
AMS-6260 steel spur gears which are combined witn two "slave gears'" in a "four
square” arrangement. Losding via oll pre:ssure causes an axial movement of one year
shaft relative to the cther, imposing a load ou the test gears. The lubricant (a
fuel, in this case) is iprayed on the teeth of the test gears. The operating con-
ditions, which were set up to evaluate lubricants rather than fuels, call for an
inlet fuel temperature of 165F and incremental five-pound loading steps of 10-minute

duration. After each l0-minute period the gears are inspected through a microscope ] {
and the area of scuft on each tooth is noted. The average area of scuff is then !
computed.

This sequence is foilowed until the 2verage gear tooth scuff {s 40%. The
average percent of tooth area scuffed is plotted on a semi-logarithmic scale
against the load pressure, in psig. By convention, the result at 22.5% scuff is
used in the evaluation., Two determinations can be made for each set of gears by a
simple reversal of the two gears on their shafts. (These are referred to as tests ]
on side "A" and side "B".) {

(2) Smaller Load Increments to be Adopted

Since the Ryder Cear-Erdco Universal Tester {s accepted as a useful meass-
ure of the load-carrying adbility of fuels and lubricants, several antiwear additives
were evaluated by this technique. Beca..e the test was originally developed to

W evaluate lubricants rather than fuels, the specified loading conditions may be t~o
severe for fuels {f the load-carrying capacity of the fuel is low. In this (ase,
few steps will be necessary to produce high scuff with resuiting error in the evalu-
ation of the 22.5% scuff point. For instance, less severe {ncrements which can be
used are three-pound steps of ten-minute duration or three-pound steps of five-min-

) ‘ ute duration. For the base case, pure Bayol 35, this was especially important since

: 1t five-pound per ten-minute steps, Side A had no points below 22.5% and Side B had
only one. Under the more gradual lcading conditions of three pounds per ten-sinutes

. and three-pounds per five minutes, two points were obtained below 2i.5% feor each
side.
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As can de seen in the table below, the chofce of load and time {ncrements

(vhether five-pound or three-pound steps, five-minute or ten-minute duration) had
lictle effect.

Effect of losd and Jime Increments in Ryder Test

Puel: Bayol 33
ati Tomsnts Scuff load, Pound/ Inch
losd, 1b Tiws, min Single Test Average
3 ‘g 339, 678 508
; ‘s 493, 493 493
628, 452 $40

Therefore, the more precise 3 1b/10-minute step will be used for most of the Ryder
Gear tests in this program.

2. COMPARISOM AMD EVALUATION OF TEST INSTRUMENTS

A oecessary part of this program was to establish the ability of the vari-
ous tast devices to detect small differences in lubricating prope:ties between fuels,
since in most cases the devices had heen develcped to test more viscous lubricating
oile. Both wear and scuff testers were used. Their usefulness for this program is

discussed below.

a. Comparison
(1) Wear Testers

There was general agreement in the ranking of fuels between the three de-
vices used to measure wear--the ball-on-cylinder, four-ball, and Vickers vane pump.
This is shown in Table I wvhich compares wear results for the three devices for
nine of the commercial fuels. The ranking correlation analyses in Table I show that
the correlation betveen the ball-on-cylinder and four-ball testers is significant at
the 991 level. The ranking coirelation between the four-bali machine and the Vickers
vane pump was significant at the 95% level. These good correlations, together with
the fact that the rankings by these machines agree with field experience with pump-
wvear problems, indicate that these tests give useful messurements of the wear pre-
vention properties of jet fuels under loaded boundary lubrication conditions.

{2) Scuff Teaters

Three devices were used to measure scuffing effects--the four-ball tester,
Falex tester, and Ryder gear test. The Ryder gear machine was too severe to detect
the differences in EP performance cf fuels, although the effect of high {0.1%) con-
centrations Of lubr{cfty sddit{ves in fuels could be seen. The Falex test was
capable of dividiag the 10 commercial fuels into two broad classifications--the five
most highly refined fuels (Bayol 35, RAFP-173-61, PW-523, 75LN-LV and AFFB-3-65) and
the low viscosity naphtha vere grouped together as the poorest antiscuff perforwers.
The JP-4, JP-S5S, RAF-176-64 and the diesel fuel were shovm to have better load-carry-
ing sability than the above six fuels. This classification is in agreement witl. tne
more selective ranking given dy the dall-on-cylinder, Vickers vane pump and feour-ball

wvear results in a rubdbing wear regime.

The four-ball muxchine has not been evelusted as a scuff-tester st this time.
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Table 1

Correlation Between Wear Testers
A

Comparative Wear Test Data (*)

Ball-On-Cylinder Test
(2403, 5*3 RPM, T7T)

Wear Scar Diameter (mm)

-Bal]l Test
(10 Kg, 1200 RPM, 97F)
Wear Scar Diameter (mm)

Vickers Vane Pump

(350 psig, 90F)

Fuel (Adjusted to 60 min.) (at 32 minutes) Wear mg
AFFB-3-65 1.04 0.58 4317
PW-523 0.86 0.64 4944
RAF-173-61 0.81 0.56 266
BAYOL 35 0.80 0.42 5354
75-1LN-LV 0.70 0.53 250
JP-5 0.70 0.42 646
JP-4 0.62 0.37 160
RAF-176-64 0.61 0.30 A
Diesel Fuel 0.52 0.29 4

B
Degree of Correlation
(Spearmans Rank Correlation Method, see page 59)
Acceptance Limits 7;' 0.01 " 0.83 Jr" 0.05 = 0.64
Tests Being Compared s Evidence of Significance
Four-Ball and Ball-On-Cylinder 0.96 Significant at 99% A.L.
Four Ball and Vickers Vane Pump 0.82 Significant at 95 A.L.
83ll-On-Cylinder and Vickers Vane Pump 0.78 Significant at 95% A.L.

(*) Naphtha data are not included because {ts low volatility
meant that (a) {t could not be pumped in the Vickers vane
pump and (b) evaporation induced cooling amd concertration
of heavy ends occurred in %he ball-~n-cylinder test, which
probably caused a reduction in wear itate during runs.
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b. Bvalustios of Individual Test Davices

(1) Ball-om-Cylinder Machine

The ball-on-cylinder device was deaveloped tc fill the need for a rugged,
yet seasitive, device for evaluating surface-action lubricity add' ‘-=s. It s
uniquely capable of detecting differances in the lubricating prop © dis-
tillate fuels under boundary and mixed hydrodynamic and boundary ¢ uu.tion:. This
sensitivity was clearly shown during this program and is demonstrated here by the
results given in Tsbla II for 15 ppm solutions of commercial additives in isococtane.

' It can be seen from the results in TableII that the highly-purified, poor-
lubricity isooctane was clearly distinguished from the same isooctane with trace
(15 ppm) quantities of surface-active additives. The wear scar diameter was re-
duced by as wuch as 67% by the additives. The time-averaged friction reading
showed a significant decrease, both in absolute value of the coefficient of fric-
tion and the smoothness of the friction trace. During all these rums with pure
isooctane, the oscillation of the friction reading suddenly became so violent that
the range of the recorder was exceeded, and in one of these cases the run had to te
discontinued because of excessive vibration of the test instrument.

(2) Wear Behavior in Four-Ball Tester

In comparing the wear characteristics of different lubricants in the four-
ball wear tester, it wmay be misleading to use only ore length cf test, say 5 minutes
or 1 hour. Peng(21l) has shown that three ssparate numbers are required to character-
ize each flufa: & "zero-~time' wear, which {s obtsined siwmost instantaneously; a
notmal vear rate wvhere the wear volume is directly proportional to time; and an
equilibrium wear at which any further increases {n time do not increase the scar
diseeter.

In order to ensure that wmeaningful comparisons could be made between
fuels with respect to their behavior in the four-ball tester unier non-scuffing
wear conditions, a series of studies were carrizd cut in this machine, using cetane
as the test flutd, f{n which wear was measured as a function of load, speed and time.
The purpose vas to find the most suitable speed and load conditions for future test-
{ng and to establ{sh that the test was well behaved, {n that wear volume was pro-
portional to running time.

As indicated above, the time dependence of wear can be represented by
three distinct regions, the "zero time™” wear, the norsmal wear, énd the equilibrium
wear tregions. Feng pointed out that on a log-leog plot of time vs. wear scar diame-
ter the slope of the line representing the normal wvear region would be 0.25. There-
fore, a comprehensive study has been made of this time dependence for fcur loads:

5, 10, 30, and S0 kg. The results of this study sre shown in Figures 5 to 13.
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TABLE 11
BALL-ON-CYLINDER RESULTS
Steel on Steel; 240 RPM; 32 Minute Tests;
15 ppm Additive Solutiuns in Iscoctane
Amplitude (1)
Coefficient Of of Frictfion
Wear Scar Friction At Record As %
Additive Diameter (mm) End of Test of Average Value Notes on Friction
60 g Load
None 0.60 (0.30)(2) (+ 20)(2) Suddenly toe erratic
to record at 20 min.
2) (2)
None 0.62 (0.30) (+ 11) Suddenly too erratic
to record at 15 mio.
Oleic Acid c.21 0.13 +2
ER-3 3 0.27 0.14 +3
ER-4 0.46 0.1% +6
ER-S 0.28 0.14 +3
ER-6 0.21 9.13 +3
ER-10 0.21 0.14 +3
240 g load
. () ) ey (2) _
None (6.73) (0.30) (+ 25) Suddenly too erratic
to record at 20 win.
Run discontinued.
Ei-2 0.32 0.18 + 4
0.32 0.19 +5

(1)

(33

The period of oscillatton for the frictfon read-out on the
strip chart recorder {s about 1.5 seconds and is limited by
the detection and recording mechanism. Although this repre-
sents about 5 cylinder revolutioas, or 33 inches of travel feor
the ball across the cylinder surface per oscillatfcon, there is
a consistent relationship between the amplitude of orcillazion
and severity of wear.

Readings taken just prior to break f{ntc highly erratic fric-
tion regime.

Code numbers refer te propristary adé.tives. See Secticn V-3,
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The runaing-in wear resion end ths norwal wear region -re present in all
cases. .o all tests, except the 10 kg, 1800 rpm series, there iz no indication

: that an equilibrium wear scar region has been atisined. Peng's interpretation of

} fou"-ball test results s a general one, meant o hold over a wide range of fluids.
/] e had tound that low viscosity fluids were not as likely tc attain this final

‘ » tquilibrium regime iu ressonable test periods, as were fluids of higher viscoeity.
This is probably ue to the extremely poor load-carcying ~apacity of these li{ght
fluids. As tne wear volume grows larger, the unic icading dec- _s.es since the
area of contact is increasing. Hence, & point is resched at which the fluid is o
| able to support this unit load in a mixed boundary-hydrodynamic fashion and no ’
furtl.or wear occurs. 1In light fluids with poor lubricity properties, this point
is difficult to reach.

I The {nitial wear scar dismeter represents the « “rly part o1 t“e fun, ]
i where even at a few seconds runring time an appreciab.e w. - scar is o _ained. 1 ;
This is somewhat above the Hert:z diameter ci culated for ea. lusad e {nitial ' ;
WSD {ncreases vith (oad, but {s independent . 7 s, .ed. At 5 and .. kg this {uittal o
| wear period i{s only about one minute long; at 30 kg it is about fi e mioutes and at
{ S0 kg about tcn minutes long.

g

The normal vear region is weil behaved mghout these tests; all con- .
ditions except one yielding a slop~ of 2.25 as pr icted by Feng. The exception, ;
S0 kg at 1200 RPM, occurs in a region of high runr: ‘g-in wear and is quite close

f - to the catastrophic wear regime as shown {n Figure 14, S
pot The runniug-in wear and log-log slopes | r the various runs are tabulatzed . !
bt below: '
Y Wea: vs. Time tests--..wr-Ball Wear Tester ";_
- 3 . v
Initial - 4 v .
Load, kg  Speed, RPM  wsD, wm  veaf Rate, U X 10 "
R 5 600 0.19 0.306
tod 10 600 0.22 0.486
1200 0.24 1.06 \,
1800 0.22 1.06 .
30 800 0.50 1.9%
1200 0.5 3.20 .
1800 0.58 1.59 S
5C 600 0.70 2.48 o
*0C 0.70 g
' 1 The porsal wear ra%e .onstant, &, is obtained from the equation i #
XA i

X . ko= 1.569 X 19-2 gé/¢

whete &4 i3 the wear scar diaweter and z is the rest duration, and 1.745 is a con-
stant for a sysiem of this wmet lutgy and bail sire. This equation is valic¢ for
tests of such durat‘on that the running-in wear, by comparison, is ne, ligibly saamll.
An altemative expressicn can be used {f this running-in period must be taken intc
&ccount.

Sy

: The steady-state wear region shows that the wear rate is a function of
! beth ioad and speed. kowever, at the highest load and speed the points do not

: gkive slopes equal to $.25. For futurte compariscons of wear rate the conditions =f
10 kg and 1290 RMM will br used.
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SECTION V

!
. |
!

1. COMPARISON OF TEM COMMERCIAL FUELS
a. 2!0‘!- m;ltnﬂ

With the aim of establishing a relationship between composition and !
lubricating properties, ten commercially-available distillate fuels vere obtained :
for laboratory investigation. '

The chemical composition and appropriate physical properties of the
fuels were analyzed as thoroughly as possible using established asnalytical methods.
The lubricating properties of the fuels were measured in the ball-on-cyliuder,
four-ball. Falex and Vickers vane pump devices.

b. Description of Fuels

‘ A list of the fuels are given in Table III together with a brief descrip-
cion ot the fuel characteristics. A full description of the fuel analyses is
given in the next section, followed by the experimental lubricity results.

Fuel Analyses

(1) viscosity and Density

The viscosities and densities of the fuels investigated in this work
are given in Table IV. The viscoaities were obtained with an Ubbelohde capillary
viscometer and the densities bt precision hydrometers. For all fuels the density
shows an almost constant decrease of 0.00040 g/ml per °F

The absolute viscosities (cp) of the fuels are plotted in Figure 15
using & modified ASTM chart. The ASTM chart was developed for kinematic vis-
cosities (cs) and has been modified for absolute viscosity (cp) by relacating
the vertical ordinate so that the line representing 0.4 cs becomes 0.3 cp and
so on The equation for the modified chart {s thus:

log log (cp + 0.1 + k) = =m log T+ C

wvher k = 0.6 at viscosities above 1 - cp and gredually {ucreases at viscosities
below 1.4 cp. This chart gives a relatively straight line over the range of
77-300F (25-157}).

It will be seen from Figure 'S that the jet fuels, with the exception
of JP-4, have viscosities with:n the narrovw range of 1.02~1.64 cp/100F. JP-4
is considerabiv iighter at 0.49 cp. Bayol 35, the white vil used as reference,
is 1.84 cp. The bracketing fuels are a diesel fuel of 2.15 cp and 2 naphthas of
0.2% cp. these represent the -~ es of ne mixed fuels.

e viscosity-temperature iines of the fuels are roughly parailel;
f.e., crossovars ave negligible. Thus, i{ one fuel is more viscous than apather
at one temperature, it will be more viscous at all temperatures, with oaly minor
excegtions. The spme can dbe expectied to hoid for viscosity-pressure relation-
ships
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Jusl

Aighly Reiinec

FAF~173-61

AFsB ~ 3-65

Bayol 15

Mm-523

Standarc Refining
JB-5

RAFP-176-64

75 LN-LV

P-4

Dievel Fuel

Light Maphtha

Source

Characteristics

USAF - CRC Fue!l Bank,
“yd River, T11.

USAF - fuel Bank
Wood River, Ill.

Humble 0il1 & Refining Co.

Humble Cil & Refining Co.

USAF ~ University of
Daytoan

USAF - CRC Fuel Benk
Wood R!ver, Ill.

USA® - University of
Dayton

Humble 0il & Refining Co.

Humble Of{l & Refining Co.

Humble 01l & Reiining Co.

Highly naphthenic,

Cy-C16 hydrocacbons
375-509°F boiling ~ange;
relatively high visicosity,

Highly naphthenic and
isoparatfinic,

Cq-C,, hydroca.uons

3 S-kii'? boiling range;
relatively low viscosizy.

Isoperaffinic and naphthenic,
C11-C14 hydrocarbons,
400-500°F boiling range,
relatively high viscoesity.

Low arceatics,
C10-Cy4 hydrocacbons,
600-6)?'? boiling range.

Cq=Cy5 dl2nd,
375b§;5'F boiling range.

Standard Jet-A,
C9“(;16 hlend.

Mainly C;4-Cy3 hydreccarbons
325-425°F boiling vange.

Wide-cut :uel,

Cq=Cy 5 hvdrocarbons ,
175-425°¢ boiling renge.
Lew viscosity.

Hainly Cy1o-C;; hydrocarbons,
425-575°F beiling range,
highest viscoesity

Cy~Cr lowest viscosity.,
180-200°F bhoiling range.

-5
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VISCOSITY TEMPERATUR:Z PROPERTIES OF COMMERCIAL FUELS

FIGURE 15




(2) Voiatility and Carbor Number Breakdown

Engler distillations of the fuels are presented in Table V and show.
graphically in Figure 16. Gas chromatngraphic separation by carbon number are
given in Table VI. Again, as in the case of viscosity, it can be seen that the
bracketing fuels are nazphtha and diesel fuel. This is demonstrated in Figure 17
showing the relstionship between the 507% distillation temperature and viscosity.
Essentially all of the naphtha boils below the lowest boiling fraction of any
other fuel; and 75% of the diesel fuel boiis above the highest boiling fraction
of any cther fuel. The widecut nature of JP-4 is easily seen. Bayol 35, PW-523,
75 LN~LV, and JP-5 ali have very narrow boiling ranges. AFFB-3-65 is a slightly
wider cut, and RAF-173 and RAF-176 wider still, but all are relatively narrow
comp.red to JP-4. Of the jet fuels only RAF-176-64 has an appreciable amount
as high as the Cj}g fraction - 3.7%. The 75 LN-LV is aimost entirely Cj3 and
beiow; AFFB-3~65 almost entirely Cj;2 #nd below.

(3) Breakdown by Hydrocarbon Type

A hydrocarbon type analysis was carried out using mass spectrometry.
This analysis separates fuels into paraffins, l-ring naphthenes, condensed 2-ring
naphthenes, condensed 3-ring naphthenes, indenes, l-ring aromatics, condensed
2~ring aromatics, and condensed 3-ring aromatics., Because of the low carbon
number of these fuels, most of the naphthenes and aromatics are l-ring compounds.
Condensed 2-ring and 3-ring naphthenes have been grouped as are condensed 2-ring
and 3-ring aromatics and indenes. (Combining these data with the data om n-
paraffins ohtained from the G. C. analysis, the iso-paraffinic content can also
be obtained. Sulfur compounds are not identified separately but are included
in the arcmatic fractions. The mass spectra combined with the gas chromatography
results described above, yield the breakdown by species given in Table VII.
Examples of highly paraffinic (PW-523 and light naphtha), highly naphthenic
(RAF~173-61) fuels and a wide range of aromatic contents are included.

(4) Trace Impurities

The three most important impurities likely to influence lubricity are
sulfur, nitrogen, and acidic compounds. Analyses for these classes of material
are given in Table VIII. The most highly-refined fuels, particularly the hydro-
fined PW-523 and Bayol 35, are low in all three impurities. The diesel fual was
highest iun all categories.

The acidity of all 10 fuels was run in duplicate by two analysts using
extreme care. Thig was necessary because of the profound effect (noted in
Table II) of only 15 ppm of oleic acid on friction and wear. This amount of
cleic acid gives a neutralization number of only 0.003 mg KOH/g, so an accuracy
of 0.0002 {n neutralization number is required. The procedure is as follows:
add 25 mi absolute alcohol to 100 g fuel, sparge with nitrogen for 5 minutes,
then, without interrupting the nitrogen supply, titrate with 0.01 KOH using
neutralized bromothymol blue (end point pH 7.6) as indicator.

The agreement between analysts was quite good, differing significantly
only for the naphtha sample. Only two of the fuels--diesel fuel and RAF-176-64--
had acidities of more than 0.015 (7 ppm as oleic acid). Acidity of the dicsel
fuel was 0.12, RAF~176-64 was 0.010.
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TABLE VIII

SULFUR, NITROGEN AND ACIDITY OF THE COMMERCIAL FUELS

e —

Sul%g;. Nitroigg. Acidlty{3)3 ;
ppm -t Neut. No. X 10

PW-523 <o.2 <1 af : 3
Bayol 35 0.2 < : 1 <0.2 §
75 IN-LV £0.2 2 1 0.5 | ;
AFFB-3-65 75-80 4 1 1.4 ‘
RAF-=173-61 29 <1 3 0.3 ‘;
JP-4 32-34 . 2 4 1.5 3 !
JP-5 162 (! nil 0.8 :
Naphtha 135 3 5 <0.2 |
RA¥ 176-64 560 Z1 8 9.5 |
Diesel Fuel 2300 13 158 120.0

(1) Sulfur determination via Lamp method.
(2) Nitrogen determination via Kjeldahl method.
(3) colorimetric titration. Values are in ppm KOH/g.

(a) (b) Different analysts. Analysis (b) is probably
more accurate.
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d. Wear Results or Commercial Puels

The ten coumercial fuels have been evaluated in three different wear
tests: ball-on-cylinder, four-ball, and Vickers vane pump. There is a general
agreement amorg the three test methods. Diesel fuel and RAF-176-64 consistently
rate best and next best; JP-4 is coneiderably better than would be expected from
its viscosity; PW-523 and APPB-3-65 are generally the poorest in wear and friction.
The results are discussed below:

(1) DBall-on-Cylinder Tests

This test has been found to be quite sensitive to fuel behavior. Three
values are measured: friction, metzllic contact, and wear,

Friction generally correlated weli with wear in these tests. For
example, at the 60 g level, diesel fuel (lowest wear) gave a steady coefficient
of friction of about 0.1l throughout the entire run. This contrasts with PW-523
(highest wear) which gave friction values oscillating between 0.13 and 0.29. At
the 240 g level, wear and friction correlated quantitative'y. Again, diesel fuel
gave a constant, steady coetficient of friction (C.13) compared to fluctuating
values from 0.i6 to 0.19 for PW-523.

As already mentioned, metallic contact at the €60 g level was more an
indication of stick-sli, and bouncing than it was of true severity of operation.
At 240 g load the film thickness was so low that metallic contact existed 1007
of the time for most fuels. Only for the three best lubricants--diescl fuel,
RAF-176-64, and Bayol 35--was a decrease in metallic contict roted.

Tests were run on the ten fuels at loads from >y g to 1000 g, at
a speed of 240 rpm (60 cm/sec) and for a 32-minute reriod. The wear data are
presented in Table IX,where the fuels are arranged in order from bad tc gocd.
The last two columns are tests run all on the same cylinder and for 64 minutes.
These tests eliminate any differences due to cylinder-to-cylinder variation,
which may be present in the 32-minute tescs.

It will be seen that the Diesel fuel 1is consistently the best in
lubricity. This is to be expected, for this fu:. has the highest viscosity,
lowest volatility, and has by far the greatest amount of sulfur, nitrogen and
acidic compounds. RAF-176-64 consistently rates second. This fuel is also
high in sulfur and acidic components. Of the fuels poorest in lubricity, PW-523
and 75-LN-LV are also the most highly refined, with low sulfur and acidity.
AFFB-3-65 and RAF-173-61, also relatively low in trac constituents, were also
poor in lubricity.

A fairly good correlatinp appears to exist with aromatic content. JP-3
for example has 24.57 aromatics, rad this may be the explanat.on fur its unex-
pectedly good performance. JP-5, RAF-176-64 and diesel fuel -- all yood in
lubricity -- also are high in aromatics. There are twe exceptions: Bayol 35,
which {8 completely free of aromatics, was surprisingly good in this test; pos-
sibly its higher viscosity is partly respousible, 75 IM.-'V_ which is fairly high
in aromatics, 107, was one of the poorest.

It is vuvious that the components most responsible for yood lubricity
have not been pin-pointed.
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Thess runs establish seversl important points:
o Puels d ffer markedly in their friction snd wear behavicr.

¢ The differences are apparently more a function of polar constiguents
than bulk properties, but this is not entirely clear cut.

o UFrictional behsvior can be determined frca the wear scar for non-
additive fuels.

¢ The ball-on-cylinder machine is a useful laboratory device for
assessing frictional behavior of jet fuels.

(2) Pour-Ball Tests

Based ou the study of the wear behavior of cetane, discussed in Section
IV-2 above, the following standardized test conditions were used.

3 e Test loads and speed have been chosen to be !0 Kg and 1200 rpm,
respectively.

o The equilibrium wear scar requires excessively long test durations
for iow viscosity fluids and is therefore not pursued.

e Five test durations, 15 sec, 1 min, & =min, 15 min, and 1 hr,
have been chosen to define the normal wear region and to get some
indication of the level of initial wear.

e For less extensive tests threc test durations, & ein, 15 min, ana
1 hr have been chosen for determining the normal wear region.

® A test temperature of 97F (36C) was adopted as a convenient
temperature--somewhat above ambier.--that could bde maintained in
spite of frictional heating. This particular temperature was
chosen because it formed tne base of ancther part f the program:
n-heptane has the same vi_ cosity at S7F as JP-S at 3Q0F.

Figures 18 and 19 are log plots of WSD vs. time and show the relative
performance of the ten commercial fuels, The data are summarized in Tabie X,
witicl gives the wear rate (mm3/min), and the corresponding WSD at 60 minutes.

Diesel fuel was again best, as would be cxpected, and RAF-176-64 again
second best. PW-523, 75-LN-LV, AFFB-3-65 and RAF-173-61 ail gave relazively high
wear. Again, JP-4 outperforwmec ail other tet fuels in splte of f{ts low viscosity,
possibly tecause {ts wide-cut nilure permits = relatively large amourt of high-
ludbricity compounds.

In contrast to its behavior i1n the dall-on-cyliinder 1.sts, naphtha in
tar four-ball test gave by far the highest wear, n~ossibly because its very low
viecosity {5 more critical in this test, or tie e:fects of evaporation less
marked. Ravol 3% was also relatively poor (ompased to the ball-cn-cviyi ler
resulze, being tittle better than Pw-S73.
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There appears to be a reasonably good correlation with arcmatic content
in that the five worst fuels have < 3% aromatics and the five best fuels have
:) 10% aromatics. However, it is impossible with these data alone to decide
definitely which of the many variables is most important,

The differences in the behavior in these two test methods and the

anomalous behaviour of certain fuels will be examined more closely in future
work.

Table_§

Four-Ball Wear Results for Commercial Fuels

10 Kg, 1200 rpm, 97F

Calc
Wear Rate WSD at  Vis/97F, Arom. Acidity
Fuel mm3/Min x 104 60 Min cp % __ ppm KCH/g S,ppm N,ppm
Naphtha 11.1 1.44 0.25 1.9 0.2 135 3
AFFB-3-65 3.0 1.04 0.98 1.4 1.4 80 4
PW-523 1,3 0.86 1.21 1.6 0.2 70.2 1
RAF-173-61 1.1 0.81 1.70 2.4 0.3 29 71
Bayol 35 1.G 0.80 1.88 0 0.2 70,2 “1
75-LN-LV 0.61 0.70 1.04 10.1 0.5 0.2 2
Jp-5 0.61 0.70 1.21 15.6 0.8 162 <1
Jp-4 0.37 0.62 0.50 24.5 1.5 34 2
RAF-176-64 0.33 0.61 1.09 15.3 9.5 560 1
Diesel Fue!l 0.18 .52 2.18 27.0 120.0 2300 13

(3) Vickers Vane Pump Tests

(2) Commercial Fuels Show Marked Differences in Punp Wear

0f the ten commercial fuels, nine have been tested in the Vickers vane
pump. The naphtha was found to be too low in viscosity, giving essentialiy no
output, JP-4, because of its relatively low viscosity, could cnly be tested at a
slightly lower pressure (300 psi) and lower sump temperature (83F); otherwise
volumetric efficiency was nearly zero. Test data are shown in Table XI. As in
the laboratory rigs, these fuels gave a very different pump wear. For highly-
refined fuels, such as PW-523 and Bayol 35, severe wear occurred. The total wear
amounted to approximately 5000 mg. For some other fuels like RAF-176-64 and
diesel fuel, the wear was very mild, - 100 mg. It was noted during the tests that
for fuels giving low wear (< 200 mg weight loss), a visible deposited film was
coated on the rubbing area of contact and might accoun. for the wear protection.
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A series of pump tests were carried out on Bayol 35 at a sump temper-
ature of 90F and outlet pressures of 100, 200, 250, 320, and 350 psig in order
to investigate the effect of pressure on wear in a vane pump., The test data in
Table XII is plotted in Figure 20 and shows ring wear and vane wear for 24-hour
runs as a function of pump pressure. Pressure is an {mportant factor in a vane
pump, because the load of the vane on the ring surface is mainly from the back
pressure of the discharge fluid which is iniroduced to the back end of the vanes.
(The load from the centrifugal force is estimated to be only about 15 psi.) The
load for the sliding contact between vanes and the ring surface is therefore a
function of outlet pressure. As shown in Figure 20, wear jSncreases as the
pressure or load increases. An abrupt increase of wear occurs at a pressure of
200-250 psig. This ind{cates the probable traneition from rubbing wear to
scuffing wear. From the Talysurf dats shown in Table XII, it can be seen that the
surfaces of the vanes and rings were roughened as a result of wear. The degree
of roughening of the surface is, however, not directionally consistent with the
extent of wear, Beyond 300 peig, the roughening again decreases. It may be that
the presence of wear debris in the system causes some abrasive wear to keep the
rubbing surfaces from being over-roughened.

The effect of temperature on the severity of weay {s not clearly defined
in these data. For fuels giving severe wear, {t appears that wear generally in-
creases when going from 90F to 125F, 1In the case of PW-523 and AFFB-3-65, the
higher temperature runs had to be terminated because of excesaive wear and low
volumetric efficiency. However, for those fuels giving mild wear such as
RAF-176-64, 75-LN-LV or diesel fuel, the increcse of temperature seems to further
reduce the wear. This indicates that these fuels might contain trace components
and that the antivear effect of these becomes more promnounced at a higher
temperature. The abrupt increase of wear by increasing the sump temperature
from 90F to 125F 1indicateg a sharp transition from mild to severe wear.

In comparison with Bayol 35, under the same or even mfilder test con-
ditions, as shown in Figure 20 and Table XII, the currently marketed jet fuels,
JP-4 and JP-5, gave less vane wear and ring wear, although the viscosity of JP-4
or JP-5 is considerably lower than that of Bayol 35 (0.54 cp for JP-4, 1.28 cp
for JP-5 and 2.06 cp for Bayol 35). This experimental evideuce is i{n line with
the common beiief that fuel pump wear became a serious problem when highly-
refined fuels were used. This also indicates that viscosity is not the governing
factor in wear severity in the Vickers pump.

With JP-5 a sticky material was deposited on the surfaces of the pump
parts. The deposits became heavier at higher temperature. It appears that the
wear particles may be adhering to this sticky material. It is postulated that
this mixture might cause some abrasive wear so that the surface was not roughened
but, in one case, even polished. The lower wear, better surface finish, or
perhaps the sealing efiect of this materfal may be the cause of the relatively
higher volumetric efficiency given by JP-5 as shown in Figure 21.
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(b) Correletion Between Trace Impuritiesg
and Pump Wear Is Indicated

The effe.. of viscosity and trace components in fuels on pump wear vas
investigated by analyzing the test dats by means of Spearmsn's renk correlation
method. FEach fuel {s ranked as 1, 2, 3 . . . for each varigble and the variables
are then compared. The coefficient of correlation » can be computed for two
veriables which are hypothesized to ve correlated. The calculated ccefficient,

{, is compared with the given acceptance limits tc determine the significant
evidence at a certain confidence level. This analysis is a rank rendomization test.
It is used here to di‘tect whether the varistion of wear is directionally consistent
with that of viscosity or content of trece components. The equation for computa-
tion and the computed results are shown in Table XIIX.

lhcos itz

The viscosity of the fuels after each test was checked and showed no
appreciable change. Vslues of viscosity at any specified temperature in pump tests
were therefore interpolated from the analytical results given in Table XI. As
shiown in Table XII], under these test conditions no significant correlation is
detected between the severity of wear and the viscosit- at the sump temperature. A
further analysis wes made using the visccsity at the outlet temperature which is
closer to the bulk fuel temperature inside the pump. The combined test dats st two
sump temperatures, excluding those with very short duration, are tabulated in
Table XIV. The result still fails to show e correlation between the viscosity and
wear. There is, of course, a correletion between viicosity and volumetric
efficiency. Excluding these runs with severe wear (<3000 mg ring wear) which
caused the excessive loss of volumetric efficisncy, & linear relationship between
the viscosity and volumetric efficiency is indicated {n Figure 22. The linesr
correlation coefficient was computed to be 0.91, showing significant correlation

at 997 confidence level. The line of regression wus thus de:~rmined and is also
shown in Figure 22.

Polar Components

In general, the less-highly-refined fuels had more polar romponents of
all kinds: aromatics, sulfur end nitrogen cowpounds, and organic acids. Not sur-
pringly, a good correlation was found between wear and each of these polar con-
stituents. This i{s given in Table XiII. Thus, Bayol 35 and PW-523, which had
negligible sulfur contest (<0.2 ppm) geve the highest wear. Diesel fuel (2300
ppr) acAd RAF-176-6& (560 ppm) had the highest sulfur and the lowest wesr.
Simi{l-is,;, Jor scidity, diesel fuel and RAF-176-64 were the ocanly fuels having e
neutralizstion number ahove 3.005 mgKOM/g, and gave the lowest wear. Acidity io-

cressed only slightly in any of the tests, indicating that oxidation was negli-
gible.

The best correlation sppears to be with aromstic content. All fuels con-
taining < 2% sromatics gave severe wear. Those fuels contsining ~ 10 arometics
gave rather satiefactory performance.

1t should be borne in mind, however, that these rex:lts do not establish
a cause-snd-effect relati{~nship between s polar constituent and wear, hovever rea-
sonable {t ma; seem. Thus, slthough certain scids can reduce wesr, (! sors not
necessarily follow that all scids can do sv. Similarly, although sulfur compounds
are widely used as EP adcitives {n lubricsos, {t does not mean that the sulfur
compounds found in jet fuel have antivrar properties. The verfous components com-
prising '"polar impuriries” muat be fsolated n future investigations.
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TABLE X1II

ION FOR TA FROM VICKERS PUMP TESTS

Acceptance Limits: ' = 0.833, = 0.64
'8,0.01 5,0.05

! Sump Temperature
. °F :Zi Evidence of Significance
! Wear ve. Viscosity 90 0.12 No
Wear vs. Viscosity 125 0.03 No
f Wesr vs. ppm § ‘ 90 0.60 Significant at 95% A.L.
Wear ve. ppm § 125 0.76 Significant at 957 A.L. i
Wear vs. Neut. No. 90 0.81 Significent at 957 A.L.
! Wear vs. % Aromatics 90 0.85 Significant at YS% A.L.
Wesr vs. % Aromatics 125 0.89 Significant at 97 A.L.

.Il -1 n(ng-l) 2 dz

where d = the difference of numerical ranks of two corresponding variables.
n = number of fuels rarked.

(C. W. Snedecor's "Statistical Methods," p. 164)

Y




TABLE X1V

VISCOSITY ve VOLUMEIRIC EFFICIENCY AND WEAR

Outlet Viscosity Volume Wear, mg
Tempersture F cp Efficiency % Ring Vane
Diesel Fuel 94 2.30 61 4 0
¥ RAT-173-61 103 1.60 57 235 31
' Bayol 35 115 1.55 2 5150 204
Diesel Fuel 136 1.36 43 4 6
JP-5 94 1.23 43 561 85
RAF-173-61 144 1.10 16 4240 294
RAF-176-64 96 1.10 a8 39 0
PW523 110 1.10 26 4944 100
75 LN-IV 104 0.91 37 200 50
AFFB-3-65 106 9.90 26 3656 661
JP-5 134 0.88 30 1119 1
75 LK-LV 136 0.78 26 127 ¢
RAF-176-64 142 G.77 18 39 0
JP-4 104 0.47 18 157 3
—_®
‘i=;r Spearman Raunk Correlation
] Acceptance Limit: X o o0 = €636
Lo .. o.01 " 006
::' Vigscosity vs. Ring Eear.éf s " G.11, No Correlstion.
= ~ Viscusity vs. Vane Wear, e(' (3.5, No Cerrelation.
Viscosity vs. Vol Efficieavy, 2(“ < §.¢7, Significant at $5% A.L.

erop o4 x e

¢
1



v=8,7+25,5x

VISCOSITY, ¢p
FIGURE 22 VICKERS PUMP VOLUMETRIC EFFITIENCY VS.VISCOSITY
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(¢) Priction ip Cuwsp Vaxias for Different Fueis

A difference of pump ocutlet temperature for various fuzls texted at the
same 3ump temperature and pressure wss evident. The varisetion of the temperature
gradicnt between the inlet and outlet of the pump indicares the difference of
friction for various fuels in pump operaticn. The power lose (A Pp) dus to
friction was estimatad by an 2nergy balance using such test deta zs the samp
temperature (Ty), cutlec temperature (Tp), pumping pressure (F), fuel dersity
([ ), pumping rate (V):

frictlonel _  heat absortad rat+ of hea? loss

power loss by fluid per unit to surroundings
time
Afr =¥ !;Cpf (‘I‘O-T‘) J - 154 1:. +J (hc * hf) A i’tﬁ-'t.) (1)

C_ is i:e specific heat of various fuels and i3 obtaineé from the
ggnetalized chart on page 93 of Maxweli's "Data Book on Hydiocazbens."

J ie¢ the heat-energy convers’ factor.

(hc + ht) i8 defivue .a the combfed coefficient for convection &nd radiation
(Perry's Hsnciook c¢i Chiemical Pugir-ering, Third kdition, p. 474).

A is the expose] area for neet locs.
'1‘a is t.e ambiert temp=raturr.

The fricti a forcz, ¥, can then be evaluated from

r= A%
[ {2

where U ie the lia.er velpcity of rotation. The load of the vanes on the ring
surface .8 mainly from the back pressure of the discharged fuel. Since in the
digcharge cyci« the pressure is counterbalanced, only the aix vanes in the suction
cycle are l-ade<. Based on this information, the rotal load snd thea the coeffi-
cient of frictirn can be evaluated.

Thesa compsted walues ¢f friction are tabulated in Table X¥. The
coefficient of friction ranges from .05 to 0.31. Thesa veoults indicate that the
friction is generally high whern severe wesr occurs. However, there are exceptions.
73 LN-LV fuel and JP-4, for instance, gave a friction coefficiect 0.3, The wear
for both fuels was vather low. It appears that the anti-scuffing effect preveils
as long as a surface protective film {8 present on the rubbing azea, dut this film
iz not necessarily effective ir reducing friction.

There sesns to be 8 general temdency fer frictionm vo increisse st a higker
temperature for most fuels with the one exception of 75 LV-LN which had lower
friction at the higher temperature. It 'a interesting to uote that this sare
cifect was vbserved for additive fuels, ar noted later. This agaic indicates that
the frictional behavier of fuals containing additives {8 quite unpredictable, evaa
though they all show & pronounced auti-wesr etfect.
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TABLE Xv
ERICTION DATA FOR VICKEES PUMP TESTS

p = 350 psig

Power Lose
Sump Due to ¥riction Friction foefficient of
Iepoexature, F fe~1b/eec 1b Friction .
Pleael Fual 90 84.0 7.2 0.07
125 251.0 21.6 0.22 :
{
Bavol 35 90 460.7 39.6 0.41
RAF~-173-61 20 260.0 22.3 0.23
125 276.0 23.8 0.2%
PW-525 90 395.7 34.0 0.35
JP-5 %0 59.0 5.1 0.05
125 192.0 18.3 0.1¢
RAF-176-64 90 146.2 12.5 0.13
125 210.0 20.0 0.21
a5 IN-LY %0 367.4 3i.3 V.32
125 1€5.0 16.0 J.17
- AFFB-3-65 90 289.2 24.8 0.26
e | P-4 au(t) 287 3 26.7 0.30
i
O ; (1) At 300 psig pressure.
i
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(d) The Ring Surface Softened s
After Severe Wear :

The two rubbing surfaces of the pump cartridge are made of deep-hardened
alloys with a hardness of Rockwell "C" 60 and & high resistance tc wear. ine vane
is made of a molybdenum bage tool steel having & high resictance to softening at
high temperature. The ring was made of deep hardened bearing steel having & low
resistance to softening at high temperature (>300F). The hardness of the wear
surface of the vane was measured afier the .est and found to have undergone little
change. In contrast, a decided change in the hardness ol the rings was woted. It
wae also found that the hardness at various spots on the wear surface varied over
a wide range. A macro etching procedure wae employed to identify the variation of
hardress on the metal surfesce, using & Nital solutfon (&% HNO3 in alcohol). As au
illustrstion, a micrograph of a segment of tue etched ring from a pump test using 4
AFFB~3-65 fuel is shown in Figure 23. The davrk area is the softened region, having
a Rockwell "C" 40-52 hardness, while the 1igh* area shows only a small change of
hardness (Rockwell "C" 57-60). The reason for this nonuniformity of hardnees is
urknown. The values of hardness for wear surfaces of rings from pump tests using
various fuels are listed in Table Xvi. It is interesting th ' the severity of wear 1
can be estimated from the lowest value of hardness: & ring surface softened to 45
Rockwell C or less indicates severe wear; one softened to 55 Rockwell C indicates
mild wear. When there wag very little wear (e.g., diesel fuel tected at vOF, sump
temperature), the hardness of the ring was practically unchanged. It is known that
this alloy does not soften appreciably below a temperature of 300F, which is con-~
siderebly higher than the hulk fuel temperature in any tests. This is good evidence
that a local high temperature on the rubbing surfaces was developed due to the
metal-to-metal contact. It 1is therefore pcstulzted that in severe wear the ring
surface was scftened by the high local temperature and then scoring occurred due to
the difference of hardness between the ring and the vane which could retain its
hardness at such a high temperature. The presence of a surface protective film
minimized the metal-to-metal contact, so that the ring was softened to a lesser
extent. Thisg might contribute to the reduc:‘on of wear.
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FIGURE 23 ETCHED RING SEGMENT --
VICKERS PUMP TEST WITH AFFB-3-65 (X5)
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TABLE XVI '
Sump rdn kwell “'cY Ring Wear
n Temperature, °F Dark Ares Light sogatl) ng
]
! Bayol 35 90 4b-47 56-60 5150
Pi-523 90 39-50 56-59 4944
¢
) PAF-173-61 125 44-50 55-60 4260
{
: AFFB-3-65 90 44-52.5 57.5-60 3656
4 JP-5 125 44-51 53-57.5 1119
JP-5 90 51-56 57-59 561
RAF-173-61 90 51-56 58-59 235
75 LN-LV 90 54-602) 200
P-4 g4 54-59.5¢2) 157
75 LN-LV 125 55-59.5(2) 127
RAF-176-64 90 53-58 58.5-59 67
RN Diesel Fuel 90 57-59(2) 4
T Diesel Fuel 125 55-59.5¢2) 4
Lo New Ring - 58-59.5(2) -
(1) Etched area.
(2) Dark and light areas a~e not distinguishable.
-
L o
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2, BIFFECT CF TRACE COMPONENTS, VISCOSITY AND TEMPERATURE
a, Rffect of Traca Compounds

(1) Gem r:: Considerations

Whatever lubricating pruperties are possessed by commercial jet fuels are
oftsn aitributed to the presence of compounds. These inciude almost all species
present i. a blend aside from paraffinic and naphthenic entities. Thus, compounds
containing hetero stoms (e.g.., S, N, 0) as well as olefinic and aromatic materials
are includad in this category. The test results for additives down to the 15 ppm
concentration ievel presented earlier in this report certainly indicate that the

presence of minute amounts of polar constituents in hydrocarbon fuels favorably
affect their lubricity properties.

One phase of this study is therefore to determine the effect of various
polar compounds. 7Two appioaches are being followed: (1) Various aromatics, sulfur,
nitrogen and oxygen compounds are added to a pure hydrocarbon to note their effect.
The sulfur and nitrogen compounds are those known to exist in petroleum crvdes from
anslyticsl work carried out by API Research Projects 48 and 52. The oxygenated com-
pounds cover those that may result from air-oxidation of the fuel. (2) The fuels are
extracted to separate the polar compounds, and attempts made to identify the most
active constituents. Some exploratory work has been started zlong both these lines.

(2) Effect of Added Nitrogen and
Sulfur Compounds on Cetane Lubricity

A list of the compounds tested, together with their molecular structures
and boiling point, is shown in Table XVII. These include sulfides, disulfides,

mercaptans, ring sulfur compounds, aliphatic and arumatic smines and ring-nitrogen
compounds.

(a) Ball-On-Cylinder Results

The ball-on-cylinder machine was used to study the lubrication character-
istics of the organic sulfur and nitrogen-containing compounds listed in the above
table. Solutfons of su!fur and nitrogen compounds in cetanc were prepared at 17, §
or N (by weight) in all cases in which the solubility was high enough. The per-
tinent data at the end of the test are summarized in Tables XVII1 and XIX.

No reductfon fn % metallic content was noted, indicating that none of
these compounds formed an insulating layer on the rubber surfaces. Likewise, wear
in all cescs was as high or higher than with cetane alone. Certain of the compounds
did reduce friction however, giving lower values and less erratic traces. These were
the two mercapt. - dibutyl sulfide, and phenothiazine.

Phenothiazine is only very slightly soluble in hydrocarbons aud therefore
was present only in a very low concentration. Therefore, some of the other compounds
were tested at concentrations lower than 17%.. These tests, summarized {n Table XIX,
merely confirm that the cospounds have no effect on metallic content, tend to b2
pro-vear and reduce friction only slightly.

Two of the compounds were 2lsc tested at lower concentrations. These
data are given {n Table XIX.

* S
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vy Table XVII

- Nitrogen and Sulfur Compounds Added

Structural
; Compound Formula B.P., °C. (760 um.)
Benzothiophene @J 221°C.
L , Benzyl Mercaptan @'Cﬂzﬂl 194°C.
Butyl Disulfide C4Hg-8-8-C Hy 226°
Dibutyl Sulfide C4Hg-8~C4Hg 182°c.
Octyl Mercaptan CgH}7SH 198° !
H |

Carbazole @ . @ 355¢C.

12
Naphthylemine 300° (8ub.)

H

Phenothiazine (oxgn ine
S

Quinoline m 237°

Tri-n-butylamine (C4Hg) 3N 216°
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TABLE XVIII

WEAR AMD FRICTION IN BALL-OM-CYLIMDER APPARATUS FOR
CRTAME CONTAINING SULFUR AND KITROGEM COMPOUNDS

(240 rpm., 240 g,, 32 min,)

Wear Scar

% Metallic Coefficient Diameter
Compound - Contact of Friction (zp)
Bensothiophens 92 0.1% 0.26
Bensyl mercaptan 93 o.11 0.26
Butyl disulfide 9% 0.14 0.26
Dibutyl sulfide 97 0.11 2.2
Octyl mercaptsn 96 0.12 0.24
Carbaszole* 95 0.11 0.27
Raphthylamine* 95 0.13 0.19
Fhenothiasine* 91 0.11 0.26
Quinoline 92 0.13 0.26
Tri-n-butylamine 9 0.16 0.28
Cetane (average of threc runs) 93 0.13 0.21

* Solubility limitations prevented the preparation of a 1% solution; phenothiazine,
vhich contains both S and N, wvas run as & ssturated solution (less than 1% S or
N) while carbazole and naphthylamine were run as slurrfes. In all three cases,
solubility was merginal (i.e., much less than 1%).

TABLE XIX

EFFECT OF SULFUR AND KITROGEN COMPOUMDS -
CONCENTERATION DEFENDENCE

1 Mectallic Coefficient Wesar Scar
Compcund (% W, S) Contact of Fr.ction Diameter, wm
Dibutyl sulfide 1% 97 0.11 .16
0.22% 9% 0.15% .19
0.022% % 0.12 .20
Octyl Mercapten 1% 96 0.13 24
0,22% 9) 0.13 .23
0.022% 90 0.13 .20
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R (b) Pour-Bsll Tests

Some Sulfur Compounds Improve Bcuff-Load

The same compounds have been tested on the four-ball normal wesr tester
at loads up to 80 kg. It appears that, st thess more severe conditions, certain
sulfur compounds reduce scuffing wear, aithough they have no effect ou rubbing |
wear. These include benzyl end octyl mercaptan, dibutyl sulflie, saé butyl
disulfide,

. Figure 24 is a linear plot of wear scar diameter vs. load for 1% sulfur
solutions of butyl disulfide and cctyl mercaptan in cetane compared to cetans :
4 itself. The reduction in wear scar disseter is especially marked at high loads .
. vhen scuffing cccurred with the base fuel. The butyl disulfide solution also

: shows less wear than pure cetase at light loads. Table XXI liste the wear scar
dismeters for all solutions at gives loads.

R

It appears thac the type sulfur coepound which could be effeccive (n
Ce these regimes is either of the mercapian sulfur or 4{sulfide ctype. This ‘s not
¢ ‘ : imexpected since these materisls would be more reactive to metsl surfaces .“an
wonosulfides or ring sulfur.

Two Nitrogen Cc-pounds Decrease Wear but Mot Seufﬁg

Several nitrogen compounds thsc could be trace components in jet fuels
1 were alen tested, again at 1% N concentretion. Two such compounds, naphthylemine
: and quinoline, were found ro incresse the scutf load beyond 35 kg. ac shown in

Table XX below., However, none of the nitrcgen compounds fmproved scuffing wear at
? losds greater than 35 kg., as did the sulfur compounds men:ioned adove. Complete

dats are given {n Tablc XXII.

Table XX

Four-Bsll Wear Scar Dismeters -
Nitrogen Compounds In Cetsane

{1800 rps. 77°F., five-minute tests)

ot n g

Wear Scar Disweter, sm
Addicive in Cetane 35 kg 50 kg
Yone .90 1.70
% Naphthylemine 0.33 2.10
: Quinol {ne 0.32 1.90
&
: - 7 -
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vd) RBffect on Luliricity of Removal of Polar Species

In highly-refined fuels thie "polar” componeut is quite small, usually
less chen 1%, except for sromsetice. The problem of investigating the effect of
such peterfsls on fuel lubricity can be considerad in the following manner. Pirst,
the polac compouient ¢san be rewmoved fyom the fuel and the ludeicity prcperties of
the treatsd and untrested fuels compared to Jatermine the importance of such a
treatmant., Second, in the event that a significant diffavence is uncovered for the
nonpolar fuel, the actual isclatica and idwmtificstion of the polar compounds and/
or the blending >f suitable prlar materials lato treatad fuel will allow a direct
determination of the fuel lubricity components.

in the experiments done to dste, the hydrocarbon wss passed through a
three-foot higk, one-inch I.E. column pscked with asilica gel. The columm was
packed and quickly covered with the hydrocarbon to be trested. Percolaticn was
continved until one liter had been added to the column., Thin colum-treated
mater1al was used in various friction and wear teste, after which the poiar com-
ponen: sdsorbed at the tup of the column was eluted with 2 50% methanol-50%
acetone solution. The acetone-methinol was driven off under vecuum and nild
bheating tc free the "polar component” fraction,

In the initial experimentz in this series, the performance of diesel fuel
was evaluated, The diesel fuel has been shown to contain the highest amount of
sulfur and nitrogen of the fuels to be tested in this program and is slao highest
in acidity.

After siiica gel percoistion, snalyses wure made %o determine the effect
of the treatment on the chemical compositior of the fuel, These include sulfur and
nitrogen content and infrared and MMR spectra of the original material, the perco-
lated fuel, and the polar material desorbed from the columm,

Table XXIII below shows the effect of coiumm treatment on sulfur and
nitrogen content::

TAELE XXIT1
Silica Gel Removes Sulfur and Nitrogen Compounds

Original Silica Gel-Treated Column
Diesel Fuel Diesel Fuel Eluate
Sulfur Content, ppm 2,300 0.6 15,700
Nitrogen Content, ppm 14 1 i8

The above data indicate that the sulfur has been effectively concen-
trated in the polar component (a sevenfold concentration of the original fuel
would yield a value of 1£,000 ppm in the eluate if it were completely removed).
In the case of nitrogen, the situstion {s ret clear since the wmethod of nitrogen
analysis aler utllized 8 column trestment to concentrate the nitrogen. These
analyses are beiny repeated, However, the analyses do indicate that the more
pelar nitrogen compounds have been removed from the treated fuel.

-7 -




Aa accurate material balsnce on cthe divsel fusl has not baen obtained
dus to experimental 4ifficulties. The method of evaporating the ¢luting solvent
from the polar comporent may have rasulted in the loss ¢ asome of the lighter

msterisls in this fraction., Future experiments will de designed 3o as to avoid

this difficulty.
Ball-on-cylinder tests have bdeen run on the original diesel fuel and

sach of t.a two fractions, These results ére given in Table XXIV.
TABLE XXIV

Ball-on-Cylinder Results for Extracted Diesel Fuel
(240 rpm, 32 win,)

Coefficlent of Friction Wear Scar Diameter, mm

Treatoent Load, g: 60 240 1000 60 240 1000
None 0.12 0.13 0.14 0,21 0.25 0.30
S{lica-Gel Extracted 0,22 0.20 0.16 0.24 0.30 0.42
Eluate 0,08 0.13 0.12 0,36 0.47 0.48

The results are somewhat surprising. The friction results are normal,
with the polar eluate giving less friction than the whole fuel and the purified
fraction giving more friction and very erratic traces, But, the wear scara do
not show & similar trend: Both the extracted material and the eluate gave more
wear then the whole fuel, One reasonable explanation of this is as follows: The
sbsence of polar impurities in the extracteu portion causes high friction and wear;
the concentration of these polar impurities in the eluate gives low friction
because the impurities react with the surface to give an easily smearsble layer;
this layer is easily worn away, however, giving higher wear. This is reinforced by
data on the metallic contact which was considerably lower for the column -luate
than the whole fuel, both at 60 and 240 g loads, This indicates some kind of
surface reaction which may account for .he higher wear, The behavior of the
extract to give low frictiun buc higner wear is similar to that of certain ad-
ditives in JP-4, aa will be discussed in Section V-4,

The second experiment in the scries involved the silica-gel treatment of
n-cetane followed by tests similar co those described above, The cetane was of
ASTM purity (Humphrey Chemical Company, 97.5% C 6) and was passed through the same
column described previously. (An iatense yello% band developed at the top of the
coluem during treatment.) The first 100 cc cf treated cetane were immediately run
in the ball-on-cylinder machine; the rest of the cetane was taken off using n-
pentane, and finally the yellow band which had developed at the top of the column
was eluted with the 507 acetone-507% methanol sclution, The yield of "polar" com-
poneut ir the cetane was approximately 0.8%. The yellow column eluate was con-
centrated and separated i{nto two layers, Both samples were analyzed via their UV
spectra. The top layer was identified as a primarily long chain ketone, aimilar to
2-wethyl-3 decanone, the longest chain ketone of known spectrum., It is quite con-
ceivable that this material is a C . ketone, an intermediate in oxidative breakdown
of r.-cetane, The lower layer was eery similar to this material with the only
obvious difference being the presence of water. It is assumed that these two layers
are a loug chain ketone solution and the long chain ketone itself,
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The ball-cn-cylinder test conditfons using cetane and trested cetane are

similar to those described praviously for diesel fuel. (Due to t.s small amount

of material, no lubricity tests were made on this eluted “polar" component.) The
major differences are (1) the lubricity tests were mede {mmediataly upon passage
through the silica-gel and (2) the effect of bubbling pure nitrogen gas through

the system under test was investigated, In one cese the treated cetens was pre-
equilibrated with N, in a conventional gas bubbler while in the other test N, was
simply passed through the solution while the ball-on-cylinder test was in progress,
As ehown in Table XXV, there seems to be little advantage to this pre-equilibration.

TABLE XXV
Ball-on-Cylinder Results for Extracted Cetane

(32 min., 77°F., 240 rpm)

Coefficient of Friction Wear Scar Dismeter, mm

i
¢ Load, g: _60 120 240 €0 120 240
Cetane 0.09 0.16 0.16 0.20 0,26 0.40
4
; Silica-Gel (1) 0.13 0.25 0.19 0,22 0.61 0.83
} Treated Cetane
Cetane 0.15  0.16 016 021  0.26  0.40
; Silica-Gel (2) 0.14 0.15 0.16 0.21 0.41 0.68
' Treated Cetane-Nz
[
. Silica-Gel (3) 0.13 0.15 0.16 9.22 0.40 0.70
: Treated Cetane—N2

' Silica-Gel (4) 0.16 0.15 0.17 0.31 0.37 0.74

: S Treated Cetane
3 E (1) Ball-on-cylinder test run immediately after column treatment, f ¥
: (2) Test made after one hour equilibration of cetane with N, followed by “2
: bubbling during run,
3
i (3) Test made while bubbling N2 into solution without pre-equilibration,
i
; (4) Test made on treated cetame 24-48 hours after column treatwant, i
: { Two cetane runs are reported since two different cylinders were used in

v this series. With the exception of an unusually low coefficient of friction at
: 60 g for the first cylinder, the results indicate good reproducibility of the

P lubricity data,

K . One obvicus conclusion is that wear is greater in the silica-gel treated
. solutions at lcads in excess of 60 g, Surprisingly, there is little change in the £
coefficlent of friction throughout this series with the only significent difference
seen in the silica-gel treated amaterial which was run immediately after colusn
treatment,
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The solution yislding the greatest smount of wear is the one tested
immedistely after column trestment, This result could mean that the presence of
tracs amounts of water and/or dissolved oxygen may ba a critical! factor since
these species might be axpected to equilibrate with the solution through contact
with the atmosphere. Other posaible ludrizity agents, such as aromatics and com-
pounds containing hetero atoms, wiuld not contribute in this manmner., It ia
partinent to emphasise that the increass in wear with the silica-gel tresated
mate:isls over the untreated cetane is such greater than the differences between
the silica-gel treated samples, indicating the potentially large role whizh
aromatics and hetero-atom containing saterfals might play., Along with analytical
analyses on the column-treated materisla, a series of experiments are planned to
evaluate the effect of dissolved oxygsn on the lubricating ability of the cetane.
Since the levels of interast, both in the case of oxygen and water, are less than
100 ppm, new methods of determination may be devised,
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b. Effect of Viscosity and Temperature

(1) Effect of Viscosity

Several pure hydrocarbons of chromatographic juality were selected for
studying the effect of viscosity on wear characteristics. Two of them, heptane
and dodecane were tested at 97F. Heptene at 97F (36C) his an absolute viscosity of
0.355 cp which matches that of JP-$ at 300F (149C). The viscosity of dodecane is
only slightly lower than that of JP-5 at all temperatures. At the test temperature
of 97F, dodecane has an absolute viscosity of 1.15 cp as compared to 1.20 ¢p for
JP-5. This is 3.25 times as viscous as heptane at 97F or J¥ -5 at 300F.

The 4-ball vear data are plotted in Figure 25. Both curves are well
behaved, showing an initial stage cf almost constant scar ‘:ize and a no~amal wear
vegion with a slope of 0.25. The more viscous fluid, dodecane, shows + smaller
initial wear scar and s distinctly lower wear rate of '.16 x i0-4 mm3/min than the
less viscous fluid, heptane. The wear rate for heptane is 5.06 x 10-% w3 /min.
This observation illustrates that viscosity alone is en important factor.

(2) Effect of Temperature - 27 to 183F

Temperature has both direct and indirect effects on the wear of a lubri-
cated system. One of the significant indirect factors is the decrcase in viscosity
due to the increase in temperature. Thus, in making a cricical study of the effect
of temperature on wear, it becomes necessary to separate the influence nf viscosity
change associated with temperature change from the efiect of temperature per se.
This separaticn was accomplished by choosing pure hydrocarbons of chromatographic
quality in a homologous series and selecting their corresponding test temperatures
in such a way that they all have the same viscosity at their test temperatures.

The three normal paraffins, heptane, octane and nonane have the same
viscosity of 0.355 cp st 97F (30C), 141F (60.5C) and 183F (B84C) respectively.
Figure 26 shows that the four-ball wear rates for these three hydrocarsc.as at their
selected temperatures fall practically on one single wear scar size vs. time curve.
Thue, variacion in tempersture from 97 to 183F with viscosity maintained constant,
seems to have no significant effect on the four-ball wear for paraffinic hydro-
carbons from the same homologous series.

(3) Effect of Temperature - 300F

For further increase in test temperature above 183F, oxidation was ex-
pected to cause changes in the test fluid. An atmosphere control atts:hment was
designed, fabricated and installed on -he four-ball wear tester. Argon was used to
Leep the test fluid under inert atmosphere during the heating period as well as
during the test runs.

Dodecane was tested at 288F {i42C). At this test temperature, dodecane
has the same viscosity as JP-5 at the pump inlet temperature of 300OF. Test runs
were not extended beyond 15 min because of excessive evaporstion loss at the test
temperature. This also meant the need of a pressurized system for tests st tempers-
tures above 300F. In testing dodecane at 288F, the number of test runs for each
fluid were reduced to *wo because heating-up and cooling-down periods greatly
lengthened the time requirement for each test.
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The uppermost curve in Figure 27 shows the two points for dodecans st
288F on a log d vs. log ¢t zlotj They fall on a straight line of 0.25 slope with
a wear rate of 111.7 x 10°* mm”/min, which is much higher than fts wear rate at
97P: 1.16 x 10°% ww3/min. The 100-fold incresse in wear rate reprasents the total
temperature cffect, which includes the fudirect effect through the decrease in
viscosity. As already showm, the dccrcaze in visacosity alone caused an incresse in
wear rate from 1.16 x 104 to 5.06 x 10°% mm3/min. Thus the effect of temperature
increase from 97F (36C) to 288F excluding the viscosity effect, is & 22-fold in-
crease in wear rate.

(4) Cowparicon Between Pure Paraffinic Hydrocarbon and Commercial Fuels

PW .52 ie a mixture of Cy; tc Cy, hydrocarbon with relatively high
n-paraffin content. It is the purest one of the ten fuels currently being tested
on this programs.

Becaus2 1t {s extremely highly refined it was tested at 97r (1.23 cp),
and at 311F (0.355 cp) and compared with chromatographic quality dodecsce at S7F
(1.15 cp) and at 288F (0.355 cp).

Figure 28 shows the comparison of four-ball results at 97F. Both fluids
heve practically same wear rate of 1.163 x 10~4 sm3/oin. At the higher temperature,
PW-523 causes s slightly lower wear rate of 93.7 x 10°4 am3/ain vs. 111.7 x 10-4
mm3/min. The four-ball data obtsined so far show that the extremely highly refined
PW-523 {s comparable to the chromatographic quality dodecane in four-bell perform-
ance.

The composition of JP-5 on the basis of gas chromsto; ephic analysis {s
quite similar to that of PW-523. It does, however, contain quite n.th amounts of
s-jmpurities. At the high test temperatures, the wear rate for JP-5 i{s 8.5 x 107
mm” min which {s only about 1/12 of the vear rate £or PW-523 and dodecgne. The
difference is not so large at 97¢. JP-S has a wear rate of 0.60 x 107 w=>/nin
as compared to 1.16 x 10°4 mel/min for PW-523 and dodecane.
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3. EFFECT OF COMMERCIAL ADDITIVES

a. Genersl

In contrast to the effects of viscosity, hydrocarbon type, and trace com-
ponents--all of which are relatively minor--the effects of antiwear asdditives are
profound. As little as 15 ppm can have a mzjor effect on friction and wear. In
this saction are described the evaiuation of several antiwear additives in a variety
f test devices. The main purpose of these preliminary experiments was to determine
the sensitivity of the various test devices Zo the antiwear additives with respect
tn both scuffing and rubbing wear. The experimental results are given below, fol-
lowing a brief description of the ant{wear agents used.

Further work with corrosion inhibitors, including tests at the 15 ppm com-
centration level, were carried out using the ball-on-cylinder device as par¢ of the
invescigaiion of the field centrol-valve problem that is discussed in Section V-4,
following.

b. Antiwear Agents Used

{1) Tricresyl Phosphate (TCP) - TCP is a weli-known antiwear additive that
forms iron phosphate on the rubbing surfaces, which apparently accounts for its
lubricating properties.

(2) Zinc Dialkyldithiophosphate (ZaDDP) - This is a common mild-EP additive
widely used in ~otor oils. It has the formula 1“0)2 P;;S]z Zn and is made by re-
acting an alcoho with P55 and then neutralizing the resulting acid to form the
zinc salt. In . .is case the alcohol was a C,-Cc mixture. The mechanism of this
additive has not been determined, but it apparently decomposes thermally and then
reacts with fron at the rubbing surfaces.

(3) Bright stock is a highly-refined paraffinic residuum with a viscosity
of 1000 cp at 77°F.

(4) The remaining additives to be studied i1n the program are all of a
proprietary nature and will henceforth be coded as E--1, ER-2, EK-3, etc. This
coding will remain the same througheut the coatract wori, and as new additives of a
proprietary nature are added to the program, new numbers will be assigned.

c. Ball-on-Cylinder Tests - Additives Reduce
Wear, Friction, and Metallic Confact But
Neoc all Simultaneously

The ball-on-cylinder machine, has bren used to evaluate various aniiwcar

sgerrs as J.01%-17 solutions in cetane. Since cotane has relatively poor load-
~at ability, the test loads were limited to 230 g. The metallic systom con-
sis: a 52100 steel bali and cylinder comdination with ail runs made at roum

temp rature and 250 rpm.  The values reported were taken a? tne end of 37 minutes
The coet.ictent of friction, percent metallic contact, and the wesr scar diamcter
for these runs tv date are summarized in Tshle XXVI.

The general conclusion ithat can be reached based vn these data include the
following:

® For additives ER-1 and TCP a significant reduction 1n L
metallic contact ix noted ar ali loads.
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9 The ER-i sclutions reduce the coefficient of friction
wer the bise case at 211 loads.

@ BR-3 causes a veduction weor sc2r diameter over the
bess cass at ail loads; at 1% concentration it caused
s reduction in the confficleat of frictien.

It is interesting that none of the addirives were good in reducing 211
three of the rassured values--friction, wear aud metallic conxact. 7This illustrates
o tha {mportancs Sf eatabilsking proper correlations between laboratory and field
g teste. This cest is particulariy useful in investigating the low-load regiwme.
13
$

S TABLE XXvI

Ball-on-Cylinder Test Results for Additive Solutions
240 g, 240 rpm; 32 adn., 77°F.

3 Add. ia Cetene % Ketallic Contact Coeffic.- Frict. WSD, mm

Load: 30 80 120 240 30 60 120 240 30 S0 120 240
: None 49 68 87 o4 .10 .13 .13 .14 .20 .22 .24 .2
1 0.1 ER-3 % 75 87 S .08 .10 il .11 .17 .18 .13 .21
| 0.2 ER-3 53 72 6% 7 .15 .13 .11 .li .19 .21 .20 .22
: 1.0 Bk-3 4 71 8% 92 .08 .08 .0 .09 .17 .18 .19 .20
f .1 ER-1 13 21 27 55 .09 .09 .i¢ .16 .18 .22 .26 .30
| 0.2 ER-1 13 30 47 4L .08 .22 .0%¢ .09 .18 .26 .25 .2
j 1.0 ER-1 10 i1 1 27 .06 .09 .0% .G9 .20 .23 .25 .28
! 1.0 Bright Stock 53 77 &L 95 12 2 .15 .17 18 .22 .25 .27
: 0.2 TCF 0 0.6 0.6 1.2 .21 .ii .13 .14 .13 .22 .24 .26

0.2 ZabDP 62 8 9y 1oC .2 .15 .16 .iS .17 .21 .26 .28

d. four-kall Tests - Additives Have Little Effact
on Scuff Louad but Decrease Wear at Iow Loads

; A series of commercial antiwear sgents were tested as 0.1% solutious 1in

1 n-cetane at room temperagure in the four-ball normaz! wear tester. Those tested so
far are TCP, ZnDDP, ER-1, ER-2, :nd ER-3. All tasts were of five minute duration
&t :hiree different speeds and loads up to 80 kg.

The load conditions are such that & normal wear situation is present at
the lovest load (19 kg) while & severe catastrophic regime is preseant at the
hesviest load (80 kgz). Rune at 100 kg losd were attempted bui wear was nor repro-

: ducible, the liquid becsme quite hof and the spindle speed wis questicnabie. Hence,
: loading was limited to 80 kg. The wear scar diameters for the runs at AC7, 1200,
ard 1800 rpm ave rvabulated in feble XXVII.

H The chief purpose of this series of tests is to determim. the scuff load
or sairure lead, that i{s, the load at which normal wear changes to scuffing wear.

In general, tnere was no significant fmprovement iu-the scuff loads for any of the
additived. This fact is significant because thege additives are known to be effect-
fve in gydev gear testa and in field pump experience.
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¥ On the other hand, most of the additives did reduce wear in the low-load
rauge of 10-3C kq. (his .adsction was most apparent at the lowvest speed (600 rpm).
i ER-4, BB-3, end Z.IDP #.pearad to retain thsir antiwesr activity to higher loads
H than TCP or Zk-1. Table XXVIX illusirutes this poiui. ;
s 1
H !
. i
. TABLE XXV1I
i :‘-”  i Four-3all Wear Jest Results !or Additive Solutions
L . Wear Scar Diameter, mm
s ‘_ }
10 % Additive in Cetans W0kg 20kg 30 kg S50 kg 80 kg
A ¢ 600 rpm, > min, Room Temp.
: 0.1% ZuDDP 0.23  0.27 0.32 0.39 1.23 ,
0.1% TP 0.28 0.32 0.34 0.74 0.87 o
0.17 ER-1 v.27 3.31 0.34 0.96 0.83 B
0.1 EgR-2 . 0.2 0.29 0.32 0.59 0.84 .
0.1% ER-3 9.24 0.3’ 0.35 0.39 079 .
Rone 0.33 0.43 0.53 0.60 0.76 N
1200 rpm, 5 min. Rocm Temn. \
: 0.1% ZnDDP 0.25 0.31 0.40 1.01 1.06 o
“ 0.1% 1CP 0.30 0.34 0.69 0.66 2.00 <
: 0.1% ER-1 0.2% 0.37 0.68 0.81 1.84 s
s 0.1% ER~2 0.27 0.29 0.31 0.5¢ 2.14 g
: 0.17 ER-3 0.24 0.28 0.36 0.54 1.96 5
Non : 0.37 0.53 0.57 0.67 2.10
: 1800 rpm, 5 min, Room Temp.
) 0.1% ZuDDP 0.29 0.29 0.68 1.06 1.87
: 0.1% TCP 0.33 0.60 0.55 0.74 2.40
. 0.1% ER-1 0.30 0.37 0.62 1.87 2.09 :
; 0.14 ER-2 0.23 0.31 0.47 2.10 2.07 .
: 0.1% ER-3 0.25 0.28 0.33 1.94 2.38 A
None 0.35 0.55 0.60 1.70 2.30 8
oS .
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e. PRyder Gear Tests - Lubricity Additives
Gueatly Improve Load-Carrying Ability

Thrse jet fuel lubricity additives have been evaluated in the Ryder test
st 0.1% concentration in Bayol 35. These were run at 5#/10 minute increments. All
showed 8 pronounced improvement in load-carrying ab%ility as shown in Table XXVIII.

TABLE XXVII1

Additives in Ryder Gear Tests

Scuff Load, #/Inch

X Additive in Bayol 35 Single Test Average
Nons 339,678 508
0.1% ER-1 665,953 809
0.1% ER-2 1368, 720 1044
0.1% ER-3 1299,1126 1212

Although there is an appreciable scatter between sides for ER-1 and ER-Z,
it is apparent that all additives significantly increase the load-carrying capacity
of the base fuel. It 2lso seems that ER-2 and ER-] are somewhat superior, under
these conditions, to ER-1.

f. Vickers' Vane Pump Tests

(1) One Percent 3right Stock in Bayol 35
Increases Load-Carrying Capacity Somewhat

It was learned from our field survey that the lubricity of the fuel might
be improved by merely adding small amounts of a heavy oil to the fuel. To investi-

gate this possibility, a series of pump tests was made using a blend of 17 (by weight)

of bright stock in Bayol 35. The bright stock is & solvent-extracted, deasphalted,
and dewaxed vesiduum of 10.3 poise at 77°F and 103 VI. A comparison of these test
results with those obtained from the previous test using the base [uel is shown in
1able XXIX. Under the experimental conditions of 90°F and 350 psi, the scuffing
wear was eliminated. But, under more severe conditions of either higher pressure
or higher temperature, scuffing wear w8s again observed. Previous tests indicate
that addition of 1% ER-3 e~senrially eliminated the wear and gave sarisfactory oper-
ation under ail these conditions. Previcus pump wear data with Bayol 35 alone at
90°F indicate that the prcbable transition from rubbing wear to scuffing wear occurs
&t a pressure of 200-250 psig. The addition of the heavy oil therefore shifts such
a transirion to a pressure between 350 psig and 430 psig. Since the load for the
sliding contact between vanes and the ring surface is a function of outlet pressure,
it may be interpreted that the addition of the heavy oil is advantageous to shift
the transition lead for scuffing wear.

In pump tests with 1% bright stock in Bayol 35, the volumetric efficiency
was rotably increased, and a varnish-like matecrial was deposited on most parts of
the pump cartridge. This deposited material, which appeared much more viscous than
the bulk fuel, might contribute to the increase of the lovad-carrying capacity. The
presence of these viscous materials on “he rubbing surfaces might also account for
the reduction of the internal lesk.ge s0 as to improve the volumetric efficiency.

It is anticipated, however, that the tendency to form deposits may lessen tha chance
in satisfying the thermal stability requirements.

- 88 -




(2) Additives Show Pronounced Antiwear Effect

(a) E.P. Additives

The well-known antiwear additives, ZnDDP and TCP, were tested in the
Vickers' vane pump at a concentration of 0.1% (by weight) in Bayol 35. The test
conditions were the same as or more severe than that under which a very severe wear
occurred with Bayol 35 alone. The resylts, showm in Table XXIX, indicate that both
additives prevented wear almost entirelv in all cases. The surface finish was im-
proved and volumetric efficiency was high.

In the pump tests with TCP and ZnDDP, a thin film was coated on the slj-
ding surface of each vane and could not easily be removed by mild abrasion and
heating in solvents. Figure 29 shows the photomicrographs of these surfaces togetner
with those of a new vane and a vane used in a pump test using the base fuel, Bayol 35.
With Bayol 35 alone the occurrence of gross wear is evident; the wear tracks and
fragments adhering to the surface are clearly seen in the photomicrograph. The de-
posited films formed by the additives are also clearly shown. This accounts for
their antiwear effect. Recent published data on TCP supports the postulation of
phosphate formation on the metal surface. No similar data are available for zZnDDP,
but the texture of the deposit from these two additives is quite different. The
different characteristics of these deposits may cause the different extent cof
effectiveness of these additives shown in the pump tests.

(3) Jet Fuel Additives

Four jet fuel additives were tested in the Vickers' vane pump at 1000 ppm
and/or 50 ppm concentrations (by weight) in Bayol 35. The test conditions were the {
same as or at a higher temperature than that urder which severe wear occurred with l
Bayol 35 alone. &% shown in Table XXX, all are effective in reducing wear with
reference to the base fuel.

At 1000 ppm concentration ER-Z and ER-3 are somewhat more effective than
ER-1 in that ER-1 gave higher initial wear and roughened the rubbing surfaces. This
difference became more evident at lower conc entration (50 pom) where Bayol 35 con-
taining ER~1 gave considerably higher wear than Bayol 35 containing ER-2 and ER-3.
L A deposited film was o%served on the contact surfaces of the vanes for all these
- additive fuels giving low wear, € 100 mg weight loss. This could account for their
antiwear effect.
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Vane, Used in a Pump Test
Witk Bayol $5 Showing Severe Wear

Vane. Used in a Pump Test
Witk 0.1% ZNDDP in Bayol 3%

FILURE 29 PROTOMICROGRAPHS OF CONTACT SURFACKXS OF VAMES (51X)
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4. LUBRICITY OF JP-4'S AND EFFECT OF CORROSION INHIBITORS

a. Background

During this reporting period, information was received from one of the
jet engine manufacturers that malfunctioning of & Juel-control valve was occurring
in the fiel!. This trouble seemed to have started at about the time that certain
changez had bcen made in the jet fuel at the critical locaticmn, one of the changes
being that the coriosion inhibitor had been omirted.

To determine whether additives ia this low a concentration could have
such & pronounced effect, some initial tests were run on the ball-on-cylinder
machine. T:.e results fudicated that corrosion inhibitors in concentrations as
low a~ 15 ppm (C.0015%, &4#/1000 bbl.) could indeed reduce friccion, wear, aund
metallic contact quite noticeably. Because of the importance of the field

problem, the effect of corrosion inhibitors
This ‘-estigation is also important to the
level of additive was much swmaller than had

has been {nvestigated in sowme dctail.
present overall program because the
previously been considered to have a

practical effect on lubricity. In earlier work, 2,000 ppm of lubricity additives
had been found to be required for outstanding gear test performance and 600 ppa
for moderately good performance.

Two nev elements were introduced by the fuel-control valve problem:
(1) load-carrying ability was not the issue, but rather the reduction of friction
{reduced adhesiou) between closely lapped metal surfaces carrying essentially no
load, (2) highly-refined JP-4 fuels could be made comsercially which had essentially
no lubricity whatsoever. A cowbination of a "squeaky clean' fuel, no surface-
active additive, and a mechanical system capable of high adhesion could cause
serious sticking problems. The d.ta reported here {s organized as tc technical
format and not as obtained chrorologically.

b. Non-Additive Fuels

Three JP-4 fuel samples from three USAF bases were supplied us by WPAFB.
One of these bases (coded A) was rrom the site of the fuel-control valve trouble,
This fuel was found to give substantially higher wear than the other two {n the
ball-on-cylinder machine, using a steel-on-steel system. Friction was also higher
and much more erratic. These results are given in Table XXXI.

TABLE YOI

Ball-on-Cylirder Results for JP-4's-1

Steel-On-Steel, 240 rpm, 32 min.

Wear Scar Diameter, wm Coef. of Friction

JP-4 Puel [ 280 T kg 2N %0 3 T kg
A .3 .49 .58 14 16w .38
B .23 .33 .38 .18 .15 .18
c .22 .27 .34 .13 .15 .18

* Friction more erratic with Fuel A.
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ﬁ As 8 result of the ability of the bsll-on-cylinder rig to distinguish
' between fuels, several ocher JP-4 wers sent us for evaluation. Two were furnished

us from one engine manufacturer that had reported some high friction and sticking
with these fuels in laboratory engine tests. Three were from snother engine manu-
facturer wvho had had serious flight performsnce reported on two of the three.
Tioally, four additional JP-A's from four more USAF bases were sent by WPAFB. The
composition of these fuels was not known, nor were there any data on what additives,
1f any, the fuels comtained. Although these data could probably have been obtained
analytically, it did oot appear that this informatiocn would be any particular ad-
vantage over the fnformation already being obtained on the ten commercial fuels.
The data sre being reported here only to {llustrate that msjor differences are
found among JP-4's used {n the field. In evaluating these fuels on the ball-ou-
cylinder test, {t was found that the vw2ar scar ou the ball was an accurate reflec-
ticn of the frictional behavior. This therefore became the standard method of re-
porting the data. HRowever, in all cases, the friction traces were closely compared
to susure that the wear scar wvas in fact indicating the amount of friction. For
sdditivs fuels this correlation between wear and friction did not hold, as will be
shown later.

PR

Table XXXII gives the relative porformance of these JP-4's. Fuel F was
clearly the worst of the fuels, with Puel G nearly as bad. these two fuels had
the most serious problems reported from the field. Their frictional traces were
extremely erratic, often guing off-scale. At the higher loads the behavior was
so bad that the tests had to be terminated to avoid damaging the spring in the
friction-measuring apparatus.

The differences i{n performance cannot beascribed to viscosity, for most
of the fuels were between 0.9 and 1.0 cs. Of the two lowest viscosity fuels, one
“ was quite poor in lubricity, the other was our Reference JP-4 which is exception-
: ) ally good. Viscosity at 77F are given in the last column of Table XXXII, and it can
- be seen by inspection that there is no correlation.

im0 3 - A W

It is evident that current refinfing practices can give a fuel that is
extremely pure as far as lubricity agents are concerned.

c¢. Oxidstion Iuhibitcrs

A distillation of Puels A, 2 and C revealed that the bottoms from Fuels
B and C developed 2 pink color in wethanol. This was shown photospectrometrically
to be csused by the oxidstion ichibitor--N N'-dialkylparaphenylenediamine--used in
these two fuels. To Jdetermine whether this additive could have caused the differ-
ence between Puel A and Fuels B and C, s brief study was carried owr.

Usiog Tuel A as a dase, the effect of 30 ppm of N, N'-disecondary-butyl-
paraphenylenedimmine was determined i{n che ball-on-cylinder rig. The results,
t given in Table XXXIII, show no decrease i{n wear scar, nor vas there a difference
in metallic contsct. Friction was quite erratic in all runs, but soasewhat ssoother
and at a slightly lower level with the additive.

Similar tests were carried out in cetane, using 7.5 and 30 ppm of the
additive. Again there was no change in wear or metallic contact and (n this cace
the friction traces were actually more e¢rratic than with cetane alone.

- %% -
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TABLE XXX11I

Antio-{dant Has -o Effect on Lubricity {in
B-1ll-on-Cylinder Tests
(Steel-on-Steel, 240 rpm, 32 min.)

WSD, wm

Fuel H0g 2508 kg
JP-4 A 0.24 0.33 0.46
A+ 30 ppm K, N'-disecondary-lutyl- 0.26% 0.35* 0.48t
paraphenylznediamine
Cetane 0.21
Cetane + 30 ppu same 0.2 %
Cetane + 7.5 ppm same v. 19
Cetane + 7.5 vpm N, N'-disalicylidene 0.21%x

1,2 propanediamine

* TFriction socmevha. less.
+* Friction somewhst greater.

It is appare.: frow the data the" e lower fricticn of fuels B and C is
not due to the presence of this antioxidaut.

A ovetal deactivator (R ,N'-disalic . idenc 1,2 propanediamine) was also
tested at 7.5 ppe and also was found to hav no effect on lubricity. This is also
shown in Table XXXIII.

d. Cortr.sion Inhibitors

(1) Inttial Study of Two Commercisl Additives

The chicf suspect in the sudden rash of field prcdlems seemed logically
0 he the absence of the co-rosiom inhib’cors. These materisls are strong surface-
active agents, and therefore would logicslly be good antifriction sgents. In fact,
1c {3 precisely : :eir surfactant properzies that led to ti.eir remcval in the first
place, for they scriously interfere vith water-haze removal. Alsc, it {s we'l-
kncwn that antivear ageats frequeatly impart rust fnhidbicion to oils.

In the {tisl {nvestigation two rust i{nhibictors, cvoded LR-4 and ER-S,
we o srudied in Jetaii. These two sdditives are entirely differen: {n chemical com-
pesition snd, as will b scen, perform quite differently as sntifriction adoitives.
Es-ly ba..-tn-cy:inder t.sr: had indicated these two additives both greatly reduced
friceion ~f & hipzhly pur:fie. fuel. This was confirmed by fests carried ou: by a
jet engine manufacturer, whe:e sticking of the fuel control resulted when a non-
addit ve Zuel wa: used, but :ruld be unstuck if the fuels were ~hanged tc one con-
tafiniug ocne of these corroeion {nhibitors. The agreewent between these two res:
methods greatly increased e confidence {n cach methed alone.
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Ball-on-cylinder test data are summarized in Tables XXXIV and XXXV. It
will be geen that both ER-4 and ER-5 reduce friction. with ER-5 being perhaps some-
what better. ER-5 also reduces the wear scar as would be expected, 1nasmuch as {t
decreases the adhesive friction. This behavior {s consistent in two JP-4's and
cetane,

ER-4 obviously works in a different manner than ER-5. Although it {s
about ss good as ER-5 {n reducing friction, it actually causes an increase in wear,
the increase becoming greatexr at higher ccncentrations. At the same time, the
metallic contact (measured by electrical resistance) decreames to zero, indicating
the formation of an {vsulating laysr between the rubbing surfsces. The higher the
concentration of ER-4, the rmore vapidly the metallic contact decreages to zero.
These dsta are summarized below in Table XXXVI.

TABLE XXXVI

Effect of ER-4 Concaertration on Ba.i-on-Cylinder Results
(Steel-on-Steel, 60 g, 240 rpm)

Time for Metallic Contact Coeffi<isnt

EP-4 in Cetane ¥SD, me to Decresase to 10%, minutes of Friction
None 0.21 -- 0.17
50 ppem 0.21 18.8 0.14
500 ppm 0.2% 8.5 0.14
17 .28 1.7 0.14

The action of ER-4 is similar to that of most EP additives. These are
knowr. to react rapidly with fresh metal t> form an i-srganic or partly inorganic
layer, usually a sulfide, chloride, phcsphate o, similar compounds. This compound
reduces adhesion and friction, but is soft and 2asily worn away. By reducing ad-
hesion, these additives prevent scuffing bul only at the expenze ~f sacrificial
wear. It is evident from the data on ER-&4 that .« wear scar diameter of such
additives is nc indication of their anli-friction activity.

The data in Tables XXXIV z.3d XYYV show that gocd anti-friction behavior
is odbtained in most cases with as littic as 50 ppe. However, with Fuel F, which
is exceptionall' poou in lubricity, 50 opm wa: nor enough te bring this fucl to the
level of other JP-4's and 25 ppm of ER-5 pave 2 failure at 240 g load.

12 is in.eresting that the crrrogion-inhibitor FR-S was about as good a
tubricity additive as the antiwear additive ER-3. However, oleic ac:id was sven
better. On the other hand, adding 1% of a very high viscosity petroleum siack,
ER-6, was completely ineffective. This msterial *~* s nat contain any surface-
sctive [ompounts, and the test is analogous to addin; heavy aviation cil to the
fuel It is obvioues that ia this test the surface-active propariies are isportar .

These tests differ from the sctual fuel cronirol uniy in three ways:
(1) the metals are strel-on-rzez! whereas in the fuirl conzrel both surfaces are

hard-anodized aluminua, (2) the speed is constant, whereas the piston in the rus!l
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control is subjected only to periodic motion, and {3) the axes of comtact is very
small snd the Rertz load relatively high.

Ian order to eliminate the first difference, 4150C aluminum cylinders and
6122C alvwioum buttons were fabricated and hard snodized. These coatings are much
harder than hard sterels. Hard anodized aluminum has a surfece layer of corundum,
racing 9 ou Moh's ezale of hardness, which is very roughly about 85 Rockwell C.

The {irst zttempts to get an anodizcd surfsce was with aluminum balls and
cylinders thar were on hand. The slloys were high in copper, and difficult to
anodize. The oxide surfaces were poorly adhered. Even so, tests on these parts
showed qualitative agreement with the steel-omn-stzel tests. In comparing the three
JP-4's, Fuel & gave a bigger wear scar on the ball, showed some fiaking on the
cylinder track, snd had high and erratic friction throughout the test. Fuels
B and C gsve somller scars, and much smoother friction traces for the first 20-25
minutes when they, too, became errazic. Fuel A with 50 ppm of either ER-4 or ER-5
wes considerably better in both wear and frict’on. These data are summarized in
Table XXXVII.

TABLE XO0VIT

Bail-on-Cylinder Results - Ano.ized Aluminum-I
(Ancdized £1 (AA~2017) on Anodized Al (AA-2024) 30 g, 60 rpm, 32 min.)

Fuel WSD, mm Friction
A-1 0.78% High-errstic
B 0.71 Low-smooth for 25 min.
c 0.69 Low-smcoth for 20 min.
A~1 + 50 ppe ER-4 0.53 Low-smooth for entire test
A-1 4+ 50 ppm ER-5 Mot defined Low-smcoth for entire test

* Track shows flaking of ancdized surface.

These tests were repeated on another cylinder with the same relative re-
surta, although at a differsnt absolute level, due apparently to irreproducibility
of the anodized surface. The frictional traces werz also different; in this series
the coefficient of friction rose rapidly during the first few minuies, then fell off
to a steady value of 0.20. The most apparent differences between fuels were the
maximum level reached in the early part of the test., as shown in Table XXXVIII.

TABLE XxXVii:

Ball-on-Cylinder Results - Apnodized Aluminum-II
(Anodized Al (AA-2017) on Anodized Al (AA-2024) 30 g, 60 rpm, 32 min.)

Additive in Fug_i A-2 Max. Coeff. of Friction WSD, mm
None 1.5 0.57

1% ER-6 1.4 0.43

50 ppm ER-4 1.5, 1.4 0.53%
%0 ppm ER-5 1.6 *

50 ppm Gleic Acid 0.63 *

100 pom Oleic Acid 0.33%% *

* Scsr undefined.
*% Friction also less erratic.
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It 1s worth noting that ER-4 did not give a larger wear scar, as it did
with steel. 1Its reaction with Al,04 is obviously different. ER-6, the heavy
petroleum stock, again was relativeiy ineffective even at 1% when compared to
ER-3 or oleic acid at 50 ppm. ER-3 at 100 ppm (so chosen to have the same Neut.
do. as 50 ppm oleic acid) was considerably better. Obviously more work is needed
here at different concentrations, surface interactions, loads and speeds.

R GG 5o p e £ 2

The additive tests were repeated using low-copper aluminum alloys (4150C
& 4122C) also hard anodized. The surfaces from these alloys were much smoother,
blacker, and more adherent. The addit.ve performance, however, was nearly iden-
tical to the previous tests as shown by the results in Table XXXIX.

TABLE XXXIX

Ball-on-Cylinder Results - Anodized Aluminum-III
Hard-Anodized Al (Bendix alloys, 4150C & 4122C) 32 min.

Coeff. of
WSD, mm Friction
Load g 30 120 120 240

Speed rpm _60 60 60 240

Additive in JP-4
A-2

None

50 ppm ER-4

50 ppm ER-5

100 ppm ER-3

* Much smoother friction trace.

ER-4 was not a pro-wear additive, but it was not as effective in reducing friction
as either ER-5 or ER-3. Again it indicates that ER-4 works with steel by reaction
with the surface. With Al,0, this reaction is impossible and its effectiveness is
much less. This points up the fact that good performance in friction and wear is
not sclely a property of the fuel (lubricity), but rather is a joint property of
the fuel and the surface, interacting together.

To test possible stick-slip behavior at slow speeds, still using anodized
aluminum, ball-on-cylinder rig was modified by using a reduction gear in the drive

mechanism, and driving through a loosely-coupled magnetic coupling. The combination
of slow speed and non-rigid coupling gave very pronounced stick-slip. Motion con-
sisted of a series of jerks 1.2 mm long, one every § secom : or so. Static friction
was about double the dynamic frictiom.

This test technique showed only minor differences among fuels and addi-
tives, although what differences were found agree qualitatively with the higher
specd ‘runs. Fuel A was worse than B or C. Fuels A and b responded to ER-4 and
ER-5, with ER-5 being better.




It appears that the small area of contact may be defeating the correla-
tion of this test with fuel-control-valve performance. Lapped in surfaces of
about 1 sq. cm will be experimented with.

(2) Extension Study of Miscallaneous Corrosion Inhibitors

Several other approved corrosion inhibitors have also been evaluated as S
ludbricity additives and compared with those given in Table XXXIV. Although '
there are some differsnces among them, alli appear to reduce friction and wear of a ‘A
steel-on-steel system. Presumsbly, bssed on the experience of ER-4 and ER-5, s
they will also be effective in other systems as well. The wear measurements from B
the ball-omn-cylinder tests are given in Table XL. Two of the additives, ER-4 and ‘
ER-7, are known to be of similar chemical composition and apparently act by reaction i

1 with the surfaces as evidenced by the increase in WSD. At 15 ppm these two addi- N
' tives ave barely effective, reducing friction only slightly. The other additives 1
' reduce friction in proportion to their reduction of wear.

4 . The results for isooctane given in Tahle XL demonstrate the effective- |
« ' ness of the additives more clearly since this material is purer than the JP-4's. o
The JP-4 fuels undoubtedly contain polar materials that provide lubricity and tend,

therefore, to mask the effects of the additives. No attempts have been made to K
determine the chemical composition or surface reaction characteristics of these i

additives. None of them appear to give as good a performance as ER-3, ER-5, or
oleic acid.

Lubricity of Approved Corrosion Inhibitors

i Ball-on-Cylinder Tests, Steel-on-Steel
240 rpm, 32 Min Wear Scar Diameter, Min.

Additive 15 ppm in Ref.JP-4 15 ppm in Isooctane 50 ppm in JP-4 D
240 g 1000 g 60 g 260 g 60 g
i none 0.39 0.41 0.60 0.72 (M 0.29 0.27
Oleic Acid 0.28 0.30 0.21
! ER-3 0.31 0.31 0.27 0.32 0.24
: ER-4 0.45 0.45 0.46 0.28
: ER-5 0.30 0.33 0.28 0.32 0.22
! ER-7 0.46 0.45 0.21
? ER-8 0.35 0.39 0.22
ER-9 0.32 0.37 0.21 0.22
: ER-10 0.31 0.36 0.21 0.22
. ER-11 0.33 0.36 0.20

(1) Test discontinued at 20 minutes when rubbing wear gave way to scuffing wear
(noted by a sudden rise in friction and audible rubbing vibration).
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SECTION VI

SUMMARY AND CONCLUSIONS

A field survey of engine and pump manufacturers indficated that there is a
potential problem whenever jet fuels are the only source of lubrication in pumps or
controls. Problems encountered included wear, scuffing, sticking, seizure, and
fatigue pitting. A literature survey confirmed that the problem existed but failed
to pinpoint the causes.

The seizure of some aircraft fuel controls that occurred late in 1965 after
corrosion inhibitors had been left out of the fuel blend and the elimination of this
seizure problem by reintroduction of corrosion {nhibitors at the 15 ppm concentra-
tion level, gave a clear indication that the presence of surface-active agents at
this low concentration could have a very marked influence on the lubricity proper-
ties of jet fuels. Tests carried out under this contract on the ball-on-cylinder
machine .howed that th!. device was guite capable of distinguishing both between
those fuels that had caused field seizure problems and those that had not, and also
between the poor lubricity fuels and the same fuels with 15 ppm corrosion inhibitors
added. Comparative wear data from the bali-on-cylinder, four-ball, and Vickers vane
pump tests for the ten commercial fuels tested in this program showed that there was
general agreement between these devices in the normal wear regime. Although it has
yet to be demonstrated that the latter two tests can match the sensitivity of the
ball-on-cylinder device to small differences in lubricity, it is clear that we do
possess tha test instruments necessary to evaluate jet fuel lubricity under a number
of different rubbing wear conditions. .

In keeping with the observation that traces of surface-active agents re-
duce friction significantly, the results of this program indicated clearly that the
more highly refined fuels (lowest concentration of trace polar components) offered
the least protection against wear, seizure, etc.

All E.P. additive and corrosion inhibitors tested contributed some form of
lubricity aid to thcse fuels and solvents that were demonstrably lacking in lubrici-
ty properties of their own. Howev:r, some differences in the mode of action between
additives was found, which may be very important in the choice of additive used to
cure a given field problem. For example, two additives were found to reduce fric-
tion but increase wear in the ball-on-cylinder test when run in JP-4 fuels. Thus,
while these additives may be suitable for eliminating seizure problems under con-
ditions of occasional motion, they could be most unsuitable for conditions of con-
tinuous rubbing wea:.

Five test devices ars available that are potentially able to test the
lubricating properties of fuels under scuffing conditions. These are the four-ball,
Falex, and Ryder gear machines. The Ryder gear machine was able to detect the
effect of high (~~0.1%) concentrations of E.P. additives in jet fuel, but, due to
the nature of the test, was not capable of detecting small differences in lubricity.
The Falex scuff test was able to separate the ten commercial fuels into two broad
classes. The first group consisted of the highly refined fuels that had already
shown poor antiwear properties and these also showed the poorest antiscuff pro-
tection. The second group consisted of the less highly refined fuels, and these
showed the better antiscuff properties just as they had shown the best antiwear
properties.
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It is difficult to tel! at this stage of the work why it was not possible
to differentiate the ten fuels in a more detailed manner. It may be because the
polar materials in jet fuel do not provide antiscuff protection or because the test
devices are too inseansitive to detect the differences. This question may be resolved
by testa under scuff conditions using the ball-on-cylinder and four-ball machines.

It does seam cloar, that higher sdditive concentrations than the 15 ppm that gave
wear protection, will be needed to give scuff protection since, at this low concen-
tration level, a deficiency of sdditive is likely to develop at the working metal
faces if nev metal is coatinuously being sxposed.
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SECTION VI
FUTURE WORK

Work over the next year is expected 25 be along four lines.

(1) The trace compounds present in fuels will be examined further to
This

find which {s the most effective in improvirg frictior snd wear performance.
will include both adding compounds to the fuel and separating and {dentifying fuel

components.
(2} The effect of temperature on fuel performance and particularly on

eiditive performance will be elucidated.
(3) The jmportance ¢f dissolvcd oxygen and water will be determined.

(4) Attempts will be made to discover the mechanism by which additives

and trace coustitueuts reduce wear and friction.
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adiitives were even more affectivs,
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